Olive Mill Wastewaters treatment: evaluation of microalgae applicability by Olinda Maria Xavier da Silva
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Olinda Maria Xavier da Silva 
Mestrado em Biologia 
Departamento de Biologia 
2014 
 
Orientador  
Professor Doutor Vitor Manuel de Oliveira e Vasconcelos 
Professor Catedrático 
Faculdade de Ciências da Universidade do Porto 
 
Coorientador  
Professora Doutora Conceição Fernandes 
Professora Adjunta 
Escola Superior Agrária do Instituto Politécnico de Bragança  
Olive Mill 
Wastewaters 
treatment: 
evaluation of 
microalgae 
applicability 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Olinda Maria Xavier da Silva 
 
 
 
 
 
Olive Mill Wastewaters treatment: 
 evaluation of microalgae applicability 
 
 
 
 
 
 
Dissertação de Mestrado em Biologia apresentada à  
Faculdade de Ciências da Universidade do Porto  
 
 
 
 
 
 
 
 
 
 
 
 
Departamento de Biologia 
 
Faculdade de Ciências da Universidade do Porto 
2014 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
“A coisa mais bela que o Homem pode  
experimentar é o mistério. É essa emoção fundamental  
que está na raiz de toda ciência e toda arte”. 
Albert Einstein 
 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Aos meus pais, Manuela e Vasco 
Aos meus tios, Manuel e Gena e aos meus “manos” 
Ao Ruquinha e ao João Pedro 
  
FCUP 
Olive mill wastewaters treatment: evaluation of microalgae applicability 
V 
 
 
 
AGRADECIMENTOS 
 
Porque sozinha nunca seria capaz… 
Gostaria de expressar a minha gratidão e os meus sinceros agradecimentos a todos 
aqueles que contribuíram para que este trabalho se realizasse. 
 
Gostaria de agradecer aos meus orientadores Professora Doutora Conceição 
Fernandes (Escola Superior Agrária – Instituto Politécnico de Bragança) e Professor 
Doutor Vitor Vasconcelos (Faculdade de Ciências da Universidade do Porto, CIMAR - 
Centro Interdisciplinar de Investigação Marinha e Ambiental). Excecionais seres 
humanos, que com carinho e paciência me ajudaram e encorajaram no meu 
crescimento profissional. Obrigada por todos os conselhos, disponibilidade e 
sobretudo pela excelente coordenação e orientação com que acompanharam este 
trabalho. Foi um orgulho para mim terem-me aceite como vossa aluna de mestrado. Á 
Professora Doutora Conceição Fernandes, obrigada ainda pela paciência e pelas 
palavras de incentivo e coragem que me levaram a não desistir. Obrigada ainda por 
todas as conversas que tivemos e por todo o carinho que senti.  
 
Ao Professor Doutor Luís Gustavo Pereira, Diretor do curso de Mestrado em Biologia, 
pela sua disponibilidade, preocupação e ajuda sempre que solicitado. 
 
À Doutora Filomena Raposo (Escola Superior de Biotecnologia-Universidade Católica) 
pela cedência da espécie de microalgas com que foi possível a realização deste 
trabalho. 
 
À Maria do Céu Fidalgo, técnica, e às colegas do Laboratório de Agro-Indústrias da 
Escola Superior Agrária – Instituto Politécnico de Bragança, pela ajuda sempre 
prestada, pelas palavras de incentivo e pelo carinho com que sempre fui tratada. 
 
Aos meus pais, Manuela e Vasco, o meu suporte, porque sem vós nada fazia 
sentido… Tudo o que sou e no que me tornei vos agradeço. Por todos os sacrifícios e 
dedicação, por me continuarem a ajudar na minha formação, por todos os valores 
transmitidos, pelos erros corrigidos, pelos bons conselhos, por uma forma única e  
 
FCUP 
Olive mill wastewaters treatment: evaluation of microalgae applicability 
VI 
 
desinteressada de amar. Obrigado por nunca me deixarem desistir e me fazerem 
acreditar que seria capaz. Por tudo…. E tudo o que tenho a agradecer ainda é pouco. 
 
Aos meus tios, Eugénia e Manuel e ao meu “mano” Manuel, porque sempre estiveram 
presentes, me educaram, apoiaram e acompanharam em todos os momentos. 
Obrigado por cuidarem sempre de mim e se preocuparem comigo. Obrigado pelo 
vosso amor e acreditem que uma parte de mim e da pessoa que hoje sou, também é a 
vós que a agradeço. Quero-vos muito. 
 
À minha “mana” Manuela Tavares, um dos grandes pilares da minha vida. E, porque 
para ti, todas as palavras são poucas, obrigada pelo amor, pelo carinho, pela 
cumplicidade, pela força que me segurou nos momentos maus. Porque nunca me 
deixaste desistir, porque acreditavas que eu conseguia. Obrigada pelos sorrisos, pelas 
lágrimas que enxugaste nas minhas fraquezas e desânimos, pelas palavras de 
incentivo, não só neste momento mas em tantos outros. Obrigada por estares sempre 
presente na minha vida. 
 
Ruquinha, obrigado simplesmente pelo teu sorriso meigo a que sempre me habituaste. 
A tua doçura foi suficiente para começar os meus dias com a certeza que as coisas 
valem a pena. João Pedro, obrigado por todas as conversas que partilhamos, aquelas 
que só nós entendemos. E sei que ainda vamos estudar juntos a biologia evolutiva.  
 
Manuel João Português, obrigado por todo o apoio que me tem dado em todos os 
aspetos e pela preciosa ajuda sempre que necessário. Sozinha nunca seria capaz. 
 
Aos amigos de sempre e para sempre. Elisa Queijo, Andreia Pires, Odilia Augusto, 
Verónica Rodrigues, Marco Pedro e Lília Rodrigues, porque estais sempre presentes, 
é só mais um agradecimento entre os muitos. E eu sei que esta amizade sincera vai 
ser sempre mantida porque a sentimos com o coração. 
 
À minha colega e amiga Miriam Miranda. Miriam, ainda bem que tive a oportunidade 
de conhecer pessoas como tu, pessoas maravilhosas, de valores e com um grande 
coração. Obrigada por fazeres parte desta etapa da minha vida, não só pela ajuda 
mas por todas as palavras de carinho e amizade que sempre tens para mim. 
 
À restante família e amigos…eles sabem quem são. Obrigado por fazerem parte do 
meu percurso.  
FCUP 
Olive mill wastewaters treatment: evaluation of microalgae applicability 
VII 
 
 
 
RESUMO 
 
A produção mundial de azeite, embora dependente de vários fatores externos, 
nomeadamente condições climáticas, de um modo geral, tem registado nas últimas 
décadas um incremento significativo. Os principais países produtores encontram-se 
localizados na bacia do Mediterrâneo, caracterizada pelo clima propício ao cultivo da 
oliveira. Espanha, Itália, e Grécia contribuem com a maior parte da produção de azeite 
a nível mundial, mas Portugal também se encontra entre os dez países produtores, 
dando destaque às regiões do Alentejo e Trás-os-Montes.  
Este tipo de agroindústria gera grandes quantidades de subprodutos, 
nomeadamente as águas ruças que se têm revelado um grave problema ambiental, 
sendo necessário encontrar uma gestão apropriada e eficiente, bem como uma 
solução economicamente viável, isto é, estabelecer os melhores compromissos 
técnicos, económicos e ambientais. Estes efluentes, para além de serem gerados em 
grandes quantidades num curto período do ano, são geralmente caracterizados por 
possuírem elevada carga orgânica, devido aos altos níveis de compostos fenólicos e 
açúcares, e níveis mínimos de compostos nitrogenados e baixo pH, ou seja, 
caracterizam-se pela presença de substâncias que apresentam capacidades 
fitotóxicas e antimicrobianas. 
Diferentes processos biológicos e microrganismos têm sido testados no 
tratamento destes efluentes, nomeadamente bactérias e fungos, variando a eficácia na 
redução da toxicidade. A utilização de microalgas em processos de tratamento de 
efluentes é comumente utilizada, no entanto a sua aplicabilidade na biorremediação de 
águas ruças é bastante escassa.  
Assim, os principais objetivos deste trabalho foram avaliar o potencial da Chlorella 
vulgaris na remoção de compostos fenólicos, nas águas ruças, sob diferentes 
condições ambientais, tais como tipo de homogeneidade das culturas, diferentes 
regimes de luz, diferentes concentrações de inóculo, bem como avaliar o potencial de 
utilização da biomassa algal num segundo ciclo de biotratamento. A eficácia do 
processo de tratamento destas águas ruças foi posteriormente avaliada pela 
fitotoxicidade, em ensaios de germinação de sementes de alface. 
Os resultados obtidos permitem concluir que a C. vulgaris tem a capacidade de 
remover os compostos fenólicos, observando-se contudo uma diminuição da sua  
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efetividade com o aumento destes compostos no meio. Dependendo das condições de 
cultura, a remoção de compostos fenólicos chegou até aos 66%. As culturas sob 
aerificação mostraram uma tendência para maiores perdas em fenóis, por outro lado, 
culturas sob luz contínua aparentemente revelaram menor capacidade de degradação, 
comparativamente às culturas sob fotoperíodo, principalmente nas mais baixas 
diluições. A utilização da biomassa algal num segundo ciclo não foi particularmente 
eficiente, especialmente para as diluições mais baixas. Em termos fitotóxicos 
confirmou-se que a microalga conseguiu reduzir a toxicidade das águas ruças. 
Apesar de outros fatores, para além da C. vulgaris, poderem estar envolvidos na 
diminuição dos compostos fenólicos, os resultados sugerem que as microalgas 
poderiam representar uma alternativa na biorremediação destes efluentes.  
 
 
Palavras-chave: águas ruças, bioremediação, Chlorella vulgaris, compostos fenólicos, 
toxicidade 
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ABSTRACT 
 
Olive oil world production, although dependent on various external factors, 
namely climatic conditions, generally, has been registered a significant increase in last 
decades. The main producers countries are located in the Mediterranean basin, 
characterized by favorable environment for cultivation of olive trees. Spain, Italy and 
Greece contribute to most of olive oil worldwide production, but Portugal is also among 
in ten producers countries, with a focus on the Alentejo and Trás-os-Montes region. 
This type of agro-industry generates large amounts of by-products namely olive 
mill wastewaters (OMW) which have proven to be a serious environmental problems 
being necessary to find an appropriate and efficient management as well as an 
economically viable solution, i. e, establish the best technical, economic and 
environmental commitments. 
These effluents, besides being generated in large quantities in a short period of 
the year, is general characterized by very high organic load, due to high levels of 
phenolic compounds and sugars, and have minimum levels of nitrogen compounds and 
low pH, i e, characterized by the presence of substances with phytotoxic and 
antimicrobial activities.  
Different biological processes and microorganisms have been tested to treat 
these effluents, including bacteria and fungi, where the effectiveness in reducing the 
toxicity varies greatly. The use of microalgae in wastewater treatments processes is 
commonly used, however their applicability in olive mill wastewater bioremediation is 
scarce. 
Thus, the main objectives of this work were evaluating the potential of Chlorella 
vulgaris in phenolic compounds removal of olive mill wastewater under a range of 
environmental conditions, such as type of cultures homogeneity, different regimes of 
light, different inoculums concentrations and evaluate the potential of algal biomass in 
a second biotreatment cycle. The effectiveness of treatment process of these 
wastewaters was further evaluated by phytotoxicity in lettuce seeds germination tests. 
The results showed that C. vulgaris has ability to remove phenolic compounds, 
however a decrease in its effectiveness was observed with the increasing of these 
compounds in the environment. 
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Depending of culture conditions, the removal of phenolics reached to 66%. 
Cultures under aeration showed a tendency to higher losses in phenols, on the other 
hand, cultures under continuous light apparently showed less capacity degradation 
compared to cultures under photoperiod, especially at lower dilutions. The use of algal 
biomass for a second round was not particularly efficient, especially for the lower 
dilutions. 
Phytotoxicity assays confirmed that the microalgae could reduce the toxicity of 
olive mill wastewater. Although other factors, besides C. vulgaris may be involved in 
the reduction of phenolic compounds, results suggest that microalgae could represent 
an alternative in the bioremediation of these effluents. 
 
 
Key-words: olive mil wastewater, bioremediation, Chlorella vulgaris, phenolics 
compounds, toxicity 
  
FCUP 
Olive mill wastewaters treatment: evaluation of microalgae applicability 
XI 
 
 
 
GENERAL INDEX 
 
AGRADECIMENTOS ................................................................................................................ V 
RESUMO ................................................................................................................................. VII 
ABSTRACT ............................................................................................................................... IX 
GENERAL INDEX .................................................................................................................... XI 
TABLES INDEX .................................................................................................................... XIII 
FIGURES INDEX ..................................................................................................................... XV 
ABBREVIATIONS LIST ..................................................................................................... XVII 
GENERAL INTRODUCTION AND OBJECTIVES ................................................................ 1 
CHAPTER I – INTRODUCTION ............................................................................................. 3 
1.1 OLIVE OIL PRODUCTION .......................................................................................... 3 
1.1. 1 Olive sector in the world .............................................................................. 3 
1.1.2 Olive sector in Portugal ............................................................................ 5 
1.2 OLIVE OIL EXTRACTION ........................................................................................... 6 
1.2.1 Traditional method ........................................................................................... 6 
1.2.2 Continuous method........................................................................................... 7 
1.3 ENVIRONMENTAL PROBLEMS RELATED TO OLIVE OIL EXTRACTION – 
OLIVE MILL WASTEWATER ............................................................................................ 9 
1.3.1 Treatments ....................................................................................................... 11 
1.4 MICROALGAE APPLICATIONS .............................................................................. 15 
CHAPTER II - MATERIAL AND METHODS .................................................................... 17 
2.1 OLIVE MILL WASTEWATER SAMPLING ............................................................ 17 
2.2 MICROALGAL STRAIN ............................................................................................ 17 
2.3 SCREENING OF MICROALGAE GROWTH .......................................................... 18 
2.4 BATCH ASSAYS ......................................................................................................... 19 
2.4.1Growth assessment ......................................................................................... 21 
2.4.2. Protein content .............................................................................................. 23 
2.4.3. Total polyphenolics content ...................................................................... 23 
FCUP 
Olive mill wastewaters treatment: evaluation of microalgae applicability 
XII 
 
 
2.5 PHYTOTOXICITY ASSESSMENT ........................................................................... 24 
2.6 DATA ANALYSIS ....................................................................................................... 25 
CHAPTER III – RESULTS AND DISCUSSION .................................................................. 26 
3.1 SCREENING OF GROWTH ...................................................................................... 26 
3.2 BATCH ASSAYS ......................................................................................................... 27 
3.2.1 Agitation and photoperiod (set A) ............................................................ 27 
3.2.1.1 Total Phenols........................................................................................... 28 
3.2.1.2 Proteins and Pigments ......................................................................... 31 
3.2.2 Aeration and photoperiod (set B) ............................................................ 33 
3.2.2.1 Total Phenols........................................................................................... 35 
3.2.2.2 Proteins and Pigments ......................................................................... 37 
3.2.3 Aeration and continuous light (set C) .............................................. 39 
3.2.3.1 Total Phenols........................................................................................... 40 
3.2.3.2 Proteins and Pigments ........................................................................ 42 
3.3 PHYTOTOXICITY ASSESSMENT ........................................................................... 48 
CHAPTER IV – FINAL REMARKS ...................................................................................... 53 
REFERENCES .......................................................................................................................... 54 
 
  
FCUP 
Olive mill wastewaters treatment: evaluation of microalgae applicability 
XIII 
 
 
TABLES INDEX 
 
Table 3. 1 - Growth of C. vulgaris observed for controls and OMW dilutions on Petri 
dishes, after 12 days of incubation with high inoculums. ...................................... 26 
Table 3. 2 - Biological parameters obtained in C. vulgaris batch cultures for set A (with 
agitation and photoperiod) ................................................................................... 28 
Table 3. 3 - Total polyphenols content along time (mg/mL and ng / cell) for set A 
(agitation and photoperiod).n=2; M±SD. .............................................................. 29 
Table 3. 4 – Phenolic Loss Index (%PLI µg/cell) for set A (with agitation and 
photoperiod). n=2; M±SD. .................................................................................... 30 
Table 3. 5 –Total proteins content along time (ng /mL) for set A (with agitation and 
photoperiod). n=4; M±SD ..................................................................................... 31 
Table 3. 6 – Protein content per cell (pg/cell) and Protein Increase Index/Protein Loss 
Index (% PrI / PrL) for set A (agitation and photoperiod). n=4; M±SD .................. 31 
Table 3. 7 - Pigments content (µg/mL) for set A (with agitation and photoperiod). n=2; 
M±SD .................................................................................................................. 32 
Table 3. 8 - Biological parameters obtained in C. vulgaris batch cultures for set B 
(aeration and photoperiod) ................................................................................... 34 
Table 3. 9 - Total polyphenols content along time (mg/mL and ng/ cell) for set B 
(aeration and photoperiod). n=2; M±SD. .............................................................. 35 
Table 3. 10 – Phenolic Loss Index (%PLI µg/cell) for set B (aeration and photoperiod). 
M±SD, n=2........................................................................................................... 37 
Table 3. 11 - Total proteins content along time (ng /mL) for set B (with aeration and 
photoperiod). n=4; M±SD ..................................................................................... 37 
Table 3. 12 - Protein content per cell (pg/cell) and Protein Increase Index/Protein Loss 
Index (% PrI / PrL) for set B (with aeration and photoperiod). n=4, M±SD ............ 37 
Table 3. 13 - Pigments content (µg/mL) for set B (aeration and photoperiod). n=2, 
M±SD .................................................................................................................. 38 
Table 3. 14 - Biological parameters obtained in C. vulgaris batch cultures (A and B = 
duplicates assays) of set C (aeration and continuous light). ................................. 40 
Table 3. 15 - Total polyphenols content along time (mg/mL and ng/cell) for OMW 20% 
dilution of set C (aeration and continuous light). n=2; M±SD ................................ 41 
Table 3. 16 - Total polyphenols content along time (mg/mL and ng / cell) for OMW 40% 
dilution of set C (aeration and continuous light). n=2; M±SD ................................ 41 
FCUP 
Olive mill wastewaters treatment: evaluation of microalgae applicability 
XIV 
 
Table 3. 17 - Total protein content along time (ng/mL and pg/cell, n=4 ) at 20% OMW 
dilution for set C ( aeration and continuous light). n=4; M±SD; A and B= assays 
duplicates ............................................................................................................ 42 
Table 3. 18 - Total protein content along time (ng/mL and pg/cell, n=4) at  40% OMW 
dilution for set C (aeration and continuous light ). n=4; M±SD; A and B= assays 
duplicates ............................................................................................................ 43 
Table 3. 19 – Pigments content (µg/mL) for set C (aeration and continuous light). n=2, 
M±SD. ................................................................................................................. 43 
Table 3. 20 - Biological parameters obtained in C. vulgaris batch cultures for 2nd cycle 
of  set C (aeration and continuous light ). ............................................................. 45 
Table 3. 21 – Phenolics Loss Index (PLI %) for each set of experiments. ................... 47 
Table 3. 22 - Parameters of phytotoxicity assessment for set A (agitation and 
photoperiod) after 5 days of incubation. (A and B = assays duplicates). n=24 ..... 49 
Table 3. 23 - Parameters of phytotoxicity assessment for Set C (aeration and 
continuous light) after 7 days of incubation (A and B = assays duplicates). n=24. 51 
  
FCUP 
Olive mill wastewaters treatment: evaluation of microalgae applicability 
XV 
 
 
FIGURES INDEX 
 
 
Fig. 1. 1 - Global olive oil production: (A) mean values in 2012 year (FAO-FAOSTAT ), 
(B) Major world olive oil producers and their production (FAOSTAT, 2014) ........... 4 
Fig. 1. 2 - Evolution of olive oil production in world between years 2000 and 2012 
(official, semi-official or estimated data) (FAOSTAT, 2014). ................................... 4 
Fig. 1. 3 – Olive oil production in Portugal between years 2000 an 2012 (official, semi-
official or estimated data) (FAOSTAT, 2014) ......................................................... 5 
Fig. 1. 4 - Schematic representation of olive oil extraction by traditional system. .......... 7 
Fig. 1. 5 - Comparison of the three and two-phase centrifugation method for olive oil 
extraction (Albuquerque et. al, 2004) ..................................................................... 9 
Fig. 1. 6 - Chlorella vulgaris Beyerinck [Beijerinck] (Image Ref. 5688) (Seattle, 
Washington, USA; cement wall, 1000x, DIC – 01 Nov 2008 © Karl Bruun 
(skogenman@earthlink.net) ) in Guiry and Guiry (2014) ...................................... 16 
 
Fig. 2. 1 - Representative scheme of growth screening assays, implemented in this 
work. .................................................................................................................... 18 
Fig. 2. 2 - Aspects of inoculums and OMW dilutions used in screening growth assays: 
(A) Examples of medium and low inoculums concentration of C. vulgaris; (B) 
Examples of OMW dilutions showing, a=5%; b= 10%; c= 20%; d= 30%; e = 40%.
 ............................................................................................................................ 19 
Fig. 2. 3 - Representative scheme of batch cultures assays, implemented in this work.
 ............................................................................................................................ 20 
Fig. 2. 4 - Aspect of hemocytometer under microscope and quadrant considered for 
cells quantification. .............................................................................................. 21 
Fig. 2. 5 - Examples of Petri dishes and incubation during germination seeds assays: 
(A) example of Petri dishes with lettuce seeds, (B) growing chamber used in 
incubation ............................................................................................................ 24 
Fig. 2. 6 - Scheme representative of general procedure implemented in this work. ..... 25 
 
Fig. 3. 1 - Comparison of C. vulgaris growth after 12days incubation, for higher 
inoculum concentration: positive control (a), OMW dilutions (b=5%, c=10%, 
d=20%, e=30%, f=40%). ...................................................................................... 27 
FCUP 
Olive mill wastewaters treatment: evaluation of microalgae applicability 
XVI 
 
Fig. 3. 2 - Example of growth of C. vulgaris in batch cultures of set A (agitation and 
photoperiod) between days 1 and 11, for OMW 20% and 40% (Data are expressed 
as mean of duplicates) ......................................................................................... 28 
Fig. 3. 3 - Total polyphenols (ng / cell) variation along time for 20 %, 30% and 40% 
OMW dilutions of set A (agitation and photoperiod).  M±SD, n=2. ........................ 30 
Fig. 3. 4 - Pigments content (pg/cell) for set A (agitation and photoperiod) between 1 
and 11 days. n=2; M±SD. .................................................................................... 33 
Fig. 3. 5 - Example of growth of C. vulgaris in batch cultures of set B (aeration and 
photoperiod) between days 1 and 11, for OMW 20% and 40% (data are expressed 
as a mean of duplicates). ..................................................................................... 33 
Fig. 3. 6 - Growth of C. vulgaris in batch cultures of set B (aeration and photoperiod) 
between days 11 and 24, for OMW 20%, 30%  and 40% (data are expressed as a 
mean of duplicates). ............................................................................................ 34 
Fig. 3. 7 - Total polyphenols (ng / cell) variation along time for 20 %, 30% and 40% 
OMW dilutions of set B (aeration and photoperiod).  M±SD, n=2 ......................... 36 
Fig. 3. 8 - Pigments content (pg/cell) for set B (aeration and photoperiod). n=2; M ±SD
 ............................................................................................................................ 39 
Fig. 3. 9 - Growth of C. vulgaris in batch cultures of set c (aeration and continuous 
light), (data are expressed as a mean of duplicates). ........................................... 39 
Fig. 3. 10 - Total polyphenols (ng/cell) variation along time for 20 % and 40% of set C 
(aeration and continuous light). n=2; M±SD ......................................................... 41 
Fig. 3. 11 – Pigments content (pg/cell) for set C (aeration and continuous light). n=2; M 
±SD ..................................................................................................................... 44 
Fig. 3. 12 - Growth of C. vulgaris in batch cultures for 2nd cycle in 20% and 40% of 
diluted OMW with aeration and continuous light (data are expressed as a mean of 
duplicates). .......................................................................................................... 44 
Fig. 3. 13 - Total polyphenols (ng/cell) variation along time for 20% 2nd cycle for set C 
(aeration and continuous light). n=2; M±SD ......................................................... 45 
Fig. 3. 14 - Total protein (pg/cell) variation with time at 20 % and 40% 2nd cycle for Set 
C (aeration and continuous light) n=4; M±SD. ...................................................... 46 
 
 
 
  
FCUP 
Olive mill wastewaters treatment: evaluation of microalgae applicability 
XVII 
 
 
ABBREVIATIONS LIST 
 
BOD: Biochemical oxygen demand 
BSA: Bovine Serum Albumin 
COD: Chemical oxygen demand 
DO: Dissolved oxygen  
DOC: Dissolved organic carbon 
DOP: Denominação de Origem Protegida 
EU: European Union  
FAO: Food and Agriculture Organization of the United Nations  
FAOSTAT: Statistics Divisions of FAO 
HPLC: High-Performance Liquid Chromatography 
INE: Instituto Nacional de Estatística 
IOC: International Olive Council 
MPa: Megapascal 
MAOT: Ministério do Ambiente e do Ordenamento do Território 
MADR:  Ministério da Agricultura e do Desenvolvimento Rural 
OMW: Olive Mill Wastewater 
 
FCUP 
Olive mill wastewaters treatment: evaluation of microalgae applicability 
1 
 
 
GENERAL INTRODUCTION AND OBJECTIVES 
 
In last decades the industry and the production of olive oil has suffer a significant 
increase, especially in Mediterranean countries, where it represents a key sector. This 
industry generates vast quantities of products and wastes, some of which can be 
revalued. Olive Mill Wastewater (OMW) is the principal residue of olive oil extraction 
which is generated in large quantities in a short period of time (seasonal character). 
These type of effluents is general characterized by very high organic load, due to high 
levels of phenolic compounds and sugars, and have minimum levels of nitrogen 
compounds and low pH and is therefore one of the most serious environmental 
problems in producers countries. 
In Portugal, annual OMW volume produced can reach 350000 m3. The DL nº 
209/2008, states that over 300 tons of olive oil/daily or 60 tons in sensitive areas, are 
subject to an environmental impact assessment, regulated by DL nº 69/2000, 
subsequently replaced by DL n.º 151-B/2013 and subsequent license monitoring 
emissions, as well as a program of prevention and integrated control of pollution 
regulated by DL nº 173/2008. OMW disposal practices include their use in irrigation of 
agricultural land however directly discharge may impact physic-chemical soil 
properties, such as pH and porosity and can inhibit plant seed germination, due to high 
concentration of phenolic compounds. Another possible solution is the use of 
evaporation ponds, which reduces the volume of waste, however without treating the 
pollutants, or its rejection in the municipal collectors after solid remove pretreatment. 
Environmental concerns associated with this type of waste are increasing and 
as a result, applicability evaluation of numerous processes to minimize their polluting 
effect is of paramount importance. A variety of biological processes and 
microorganisms have been tested to treat OMW, including bacteria and fungi, where 
the effectiveness in reducing the toxicity varies greatly. The use of microalgae with this 
type of effluent is a technique recently investigated and this work aims to contribute 
with a new approach to the development of biological treatment systems. Previous 
work developed in Escola Agrária - Instituto Politécnico de Bragança, have shown that 
Chlorella vulgaris have the ability for growing in medium supplemented with several 
plant extracts rich in phenolic compounds (Monteiro et al., 2011). 
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Therefore, the goal of this work was the assessment of Chlorella vulgaris to 
OMW bioremediation potential, namely for removal phenolics compounds, under 
different environmental conditions and evaluates the toxicity of final treated effluent.  
 
This thesis is organized into four sections. The Chapter I - Introduction - is 
dedicated to a short literature review, here will be presented the main concepts about 
the subject, namely the olive industry in the world and in Portugal, the different types of 
olive oil extraction processes, wastes generated and different processes for their 
disposal. In Chapter II – Material and Methods - the main methodologies adopted to 
achieve the objectives proposed are described. These methods comprise the different 
types of tests which were performed according to an established sequence, namely the 
C. vulgaris growth screening, biodegradation assays and phytotoxicity tests, performed 
to assess the toxicity of the effluent after treatment with microalgae, and respective 
parameters evaluated. In Chapter III - Results and Discussion – it will be presented and 
discussed the main results obtained in the different experimental procedures, and 
compared with others biological treatments. The Chapter IV- Conclusions – where will 
be presented the final considerations about this work, as well as proposals for future 
steps research. 
Finally the references used in this work will be listed. 
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CHAPTER I – INTRODUCTION 
__________________________________________ 
 
 
1.1 Olive oil production 
 
Olive oil is extracted from the fruit of the olive tree Olea europea L. by mechanical 
or other physical means and represents the main type of fats consumed in the 
countries of the Mediterranean basin, where olive oil production is concentrated (Aires, 
2007; Shaker and Azza, 2013; IOC, 2014). It is a very versatile product with beneficial 
effect on the human health, as in the so called “Mediterranean diet”. There are several 
methods of cultivation of olive groves, from traditional to intensive or super-intensive 
cultures, characterized by differences in the number of trees per hectare and their size. 
Olive oil production is characterized by alternate productions i e normally, following a 
low production year, a year with a significant increase in production occurs. However, 
these alternations do not occur the same way in all olive countries producers, which 
avoids the existence of large fluctuations in the global balance of olive oil production 
(Aires, 2007). 
 
 
1.1. 1 Olive sector in the world 
 
 
The vast majority of olive oil production, about 95-98%, occurs in the 
Mediterranean region (Lourenço, et al., 2003; Aires, 2007; Amaral et al., 2008; 
McNamara et al., 2008) and the largest olive oil producers are Spain, Italy and Greece 
(FAO-FAOSTAT). In 2012 olive oil world´s production was estimated in 3320022.58 
tonnes, where Europe still leading, with about 72% of this production (Figure 1.1A). In 
same year, Spain represented approximately 42% (1383900 tonnes) of the global 
production, Italy produced 17% (572000 tonnes) and Greece produced 11% (350200 
tonnes) of the world´s total. Portugal is also an important producer contributing with 
79600 tonnes, although with production one order of magnitude lower than the three 
leading countries (Figure 1.1B) (FAO-FAOSTAT, 2014).  
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A     B  
Fig. 1. 1 - Global olive oil production: (A) mean values in 2012 year (FAO-FAOSTAT ), (B) Major world olive oil 
producers and their production (FAOSTAT, 2014) 
 
The Figure 1.2 shows an average of the evolution of olive oil production in world 
between 2000 and 2012 (FAO-FAOSTAT). Producers countries are usually the main 
consumers of olive oil (over 95%) although consumption per capita varies all over the 
world. This geographic concentration in consumption has resulted from economic 
factors (consumption of a local product) and also from historical and sociological 
factors, such as custom and preference acquired by tradition (Albuquerque et al., 
2004). Although, the main exporting countries are the producers countries, with EU 
responsible for 65% of world exports (Ferraz, 2012), Portugal generally, did not 
produce enough to cover their needs in olive oil, since annual oil production is about 
half of the consumption (Aires, 2007). 
 
 
Fig. 1. 2 - Evolution of olive oil production in world between years 2000 and 2012 (official, semi-official or estimated 
data) (FAOSTAT, 2014). 
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1.1.2 Olive sector in Portugal 
 
Olive oil industry is one of the most typical and economically important 
Portuguese agro-industries (Eusébio et al., 2007; Marinho, 2009), furthermore olive 
trees constitutes a landscape and a cultural patrimony (Marinho, 2009). About 97-98% 
of total olives go to olive oil production, only approximately 2% goes to olive fruit 
consumption (INE, 2012). In our country, this sector operates seasonally, usually from 
November to February and olive farming areas are distributed mainly in Alentejo and 
Trás-os-Montes, and are minimum in the region of Douro and Minho (INE, 2012). 
Today six DOP (Denominação de Origem Protegida) protected olive oil producing 
regions exist in Portugal: 
 DOP Trás os Montes 
 DOP Beira Interior 
 DOP Ribatejo 
 DOP Alentejo interior 
 DOP Norte Alentejano 
 DOP Moura 
 
During the year of 2011 the Portuguese mills processed 83.191 tonnes of olives 
for oil production, the highest value since 2007 (FAO-FAOSTAT, 2014) as show figure 
1.3. In turns in 2012, due to adverse climate conditions throughout the production cycle 
of the olive grove, a decrease of oil production was observed, although reaching 25% 
over the previous year (INE, 2014). 
 
 
Fig. 1. 3 – Olive oil production in Portugal between years 2000 an 2012 (official, semi-official or estimated data) 
(FAOSTAT, 2014) 
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According INE (2014) 0.16 (hL/q) of olive oil by 100 kg of olive was produced, 
independent of extraction method, whereas FAOSTAT (2014) referred about 79600 
tonnes (unofficial data) (Figure 1.3). 
 
 
 
1.2 Olive oil extraction 
 
The olive oil obtained is dependent on the type of system used. Multiple methods 
are used in the production of olive oil, resulting in different waste products (McNamara 
et al., 2008). After a series of preliminary operations, such as leaves separating, 
weighing and cleaning, the olive fruit is subjected to trituration (milling and beating) 
which aims to obtain an olive paste from which it will be extracted the olive oil and their 
byproducts (Aires, 2007; Marinho, 2009). The extraction can be performed through 
traditional or centrifugation (continuous) systems (Aktas et al., 2001; Niaounakis and 
Halvadakis, 2006), influencing in this way some of the physico-chemical properties 
verified in this wastewaters. 
 
 
1.2.1 Traditional method 
 
The discontinuous (traditional) press-type mills are based on mechanical 
crushing of the olive fruits. The olive paste prepared in the previous operation is placed 
in layers on discs of filter material (Marinho, 2009) and are submitted a hydraulic 
pressure that gradually increases (Aktas et al., 2001; Aires, 2007; Marinho, 2009). 
Thus, the solid from liquid fraction is separate. The liquid fraction (olive oil and some 
water) can be separated by decanting or centrifuging (Aires, 2007; Marinho, 2009). The 
scheme presented in figure 1.4 shows the main steps in this traditional system. 
By this traditional method, approximately 1000 kg of olive fruit generate 200 kg of 
a solid byproduct and 0.6m3 of OMW (Aires, 2007). The intensification of production 
and the environmental concerns regulations leads to more efficient and of higher 
capacity production systems. Thus, the traditional system has been replaced by 
modern technology, which uses centrifugation systems to separate the oil from the 
solids, with greater capacity for olive processing. 
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Fig. 1. 4 - Schematic representation of olive oil extraction by traditional system. 
 
 
1.2.2 Continuous method 
 
Three-phase centrifugation method 
 
Nowadays, there are two basic olive oil extraction technologies which employ a 
different type of mechanical crushing-homogenisation and separation by centrifugation, 
the so-called “three-phase” and two-phase” processes (Ouzounidou et al. 2010). 
The technology for olive oil extraction, with traditions in Mediterranean countries, 
increased significantly since the beginning of seventies, when the three-phase 
centrifugation system appeared (Albuquerque et al., 2004) Due its greater efficiency, 
this extraction process has become the most used in countries with higher olive oil 
production (Sayadi et al, 2000; Albuquerque et al, 2004; Giannoutsou et al, 2004) 
particularly in Spain, Italy and Greece. In the continuous method, to separate the solid 
phase from the liquid, the crushed olive fruits are pumped into a three-phase decanter 
(Aktas et al., 2001). This system has the three phase denomination due the number of 
resultant fractions: olive oil, solid by product and OMW. After milling and beating, the 
separation between solid and liquid phase by centrifugation, is facilitated by adding hot 
water (Albuquerque et al., 2004). 
Olives Weighing 
Washing 
Milling and 
Beating 
Separation 
Solid/Liquid fraction 
(Traditional System) 
Solid  
byproduct 
Liquid fraction 
(olive oil + water) 
Separation  
Liquid/liquid fraction 
(Decanting/Centrifuging) 
Olive oil            OMW 
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The main inconvenience of the three-phase system, besides an increase of water 
consumption and therefore generation of large quantities of olive mill wastewater 
(OMW) during the process, is that is a very polluting effluent, comparing with two-
phase (Albuquerque et al., 2004; Tsagaraki et al, 2007) 
 
 
 
Two-phase centrifugation method 
 
 
In an attempt to minimize the environmental impact of OMW a new two-phase 
centrifugation system for olive oil extraction was developed during the early nineties 
(Albuquerque et al., 2004; Giannoutsou et al., 2004).  
In this method, like others, after a preliminary operations, such as leaves 
separating, weighing and washing, milling and beating, the olive oil and vegetation 
water could be separated continuously, in a decanter and in the final step of 
centrifugation are obtained two products: solid fraction - very humid solid byproduct – 
(Albuquerque et al., 2004), and a liquid fraction - olive oil, and some vegetation olive 
water (initial washing olives water and water which are added during the process of 
olive oil extraction, i e, those leaving the decanter). Subsequently, the liquid phase 
separation occurs by centrifugation and olive oil and water are separated (Aires, 2007). 
The main advantages of this process are the higher olive oil yield and lower 
energy consumption and the decreased of produced waste and its contaminant load 
(Albuquerque et al, 2004; Giannoutsou et al, 2004; Tsagaraki et al, 2007) and so, this 
is called the “ecological systems”. The main inconvenient, is the production of large 
quantities of a very humid solid byproduct (800-950 kg per 1000 kg of olive) with a high 
sugars content whose management is not easy (Niaounakis and Halvadakis, 2006; 
Tsagaraki et al, 2007).  
The figure 1.5 compares the three-phase and two-phase centrifugation systems for the 
olive oil extraction.  
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Fig. 1. 5 - Comparison of the three and two-phase centrifugation method for olive oil extraction (Albuquerque et. al, 
2004) 
 
 
1.3 Environmental problems related to olive oil extraction – 
Olive mill wastewater 
 
 
The rapid expansion of the agro-industry during recent decades has led to the 
increased production of organic wastes (Paredes et al., 2002). One example of that is 
the large quantities of waste waters produced during the extraction process of olive oil 
(OMW), that became an environmental problem, especially in Mediterranean countries. 
The environmental impact of this extraction is considerable, not only by the production 
of large amounts of this wastewater highly pollutant and solid byproduct, but due to the 
utilization of large amounts of water too, sometimes in places where this resource is 
scarce (Paixão et al., 1999; Fadil et al., 2003; Fiorentino et al., 2003; Eusébio et al., 
2007; Amaral et al., 2008; McNamara et al., 2008). 
As mentioned, the amount of OMW produced it is dependent on the extraction 
process used but, in general, it is estimated that the volume of OMW produced 
annually is between 10- 30 million m3, (Niaounakis and Halvadakis, 2006) with a 
pollution load equivalent between 1 and 2.5 million peoples (Peres, 2006; McNamara,  
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2008). In Portugal, annual OMW volume produced can reach 350000 m3 (Lourenço, et 
al., 2003). For a long time these effluents were discharged generally into water 
courses, in the land and/or municipal sewers because the olive oil sector was 
traditionally made up of a large number of small mills (Aires, 2007; Eusébio et al., 
2007.) However, due to increased olive oil production and the replacement by another 
type of olive oil extraction system, that operate higher amounts of olive, the volume of 
OMW is also increased (Aires, 2007). Because the content of this effluent and the 
environmental problems caused, had lead many countries to limit or prohibit their 
directly discharge in environment (Fadil et al., 2003; Aires, 2007; McNamara eta al., 
2008). Regulations are being implemented all over the world and industries are obliged 
to treat their effluents prior discharge either into receiving waters or into municipal 
collectors (Eusebio et al., 2007). In Portugal, the DL nº 209/2008, states that over 300 
tons of olive oil/daily or 60 tons in sensitive areas, are subject to an environmental 
impact assessment, regulated by DL nº 151-B/2013 and subsequent license monitoring 
emissions, as well as a program of prevention and integrated control of pollution 
regulated by DL nº 173/2008.  
OMW composition is not constant, not only by sampling site (Marinho, 2009) but 
varies substantially by region, type of process used in olive oil extraction, annual 
production of olive fruit and local operational procedures, (Niaounakis and Halvadakis, 
2006; Aires, 2007; Ferraz, 2012). Factors which cannot be controlled such as climatic 
conditions, olive cultivars, degree of fruit maturation, storage conditions and time can 
also affect OMW composition (Aktas et al., 2001; Casa et al., 2003; Fiorentino et al., 
2003; Niaounakis and Halvadakis, 2006; Sassi et al., 2006).  
Although these aspects, in general OMW is characterized by very high organic 
load, due to high levels of phenolic compounds and sugars, and have minimum levels 
of nitrogen compounds, low pH, low Dissolved Oxygen (DO) and dark coloration 
(Amaral et al., 2008; McNamara et al., 2008; Ruiz-Rodriguez et al., 2010). The organic  
fraction, besides phenolic compounds and sugars (McNamara et al., 2008), also 
includes polyalcohols (Fadil et al., 2003), tannins and high content of lipids, and other 
substances difficult to degrade (Farabegoli et al, 2012). Phenolic compounds, that are 
present in olive stone and pulp, tend to be more soluble in water phase than oil, 
resulting in concentration ranging from 0.5 to 25g. L-1. There are more than 30 phenolic 
compounds identified, with variations in type and concentration (McNamara et al., 
2008). In addition, due to their high organic load and content of phenolic compounds, 
this wastewater shows high values of Biological and Chemical Oxygen Demand 
(BOD/COD) (Eusébio et al., 2007; McNamara et al., 2008; Farabegoli et al, 2012), 50- 
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100gO2/L and 80-200gO2/L, respectively (Paixão and Anselmo, 2002; Fiorentino et al., 
2003; Pozo et al., 2002; Khoufi et al., 2006). These values are referred as around 200–
400 times higher than those of a typical municipal sewage (Cossu et al., 1993)  
OMW disposal practices, with some restrictions, include their use in irrigation of 
agricultural land (MAOT, 2005) however directly discharge may impact in physic-
chemical soil properties, such as pH and porosity (Niaounakis and Halvadakis, 2006) 
and can inhibit plant seed germination, due to high concentration of phenolic 
compounds (Niaounakis and Halvadakis, 2006; Amaral et al., 2008; ). If discharged 
directly into surface waters also has a significant impact (Niaounakis and Halvadakis, 
2006; Danellakis et al., 2011), since could lead to deterioration of natural water bodies, 
pollution and environmental degradation. Danellakis et al. (2011) investigated the 
impact of OMW as a pollutant of the marine environment, via the detection of stress 
alterations in mussels Mytilus galloprovincialis and showed that OMW into marine 
environment could induce pre-pathological alterations in marine organisms, before 
severe disturbances, such as disease, mortality or changes in population. Also, the 
high concentration of darkly colored polyphenols can discolor streams and rivers, the 
high concentration of reduce sugars can stimulate microbial respiration, low DO and 
high phosphorus content can led to eutrophication (McNamara et al., 2008). The high 
organic load has a toxic effect, especially on seed germination and methanogenic 
bacteria (Amaral et al., 2008). The high polyphenol and fatty acid contents can inhibit 
the growth of microorganisms and stop conventional secondary and anaerobic 
treatments in municipal treatment plants (Tsioulpas et al., 2002; Casa et al., 2003). In 
fact, several studies have reported the phytotoxic and antimicrobial effects of OMW, 
due to the phenol and organic contents. (Aliotta et al., 2002; Tsioulpas et al., 2002; 
Casa et al., 2003) 
 
 
1.3.1 Treatments 
 
The pollutant characteristics of OMW do not allow their release into water before 
pretreatment. Therefore, suitable types of treatment have also been developed, in 
order to obtain effluents with lower toxicity to the environment, according local region 
and local regulations; type of olive oil extraction process; total amount of wastes 
generated; the investment required to perform the treatment or the possibility of storing 
the wastes (Aires, 2007). Besides seasonal activity of olive oil extraction, which occurs  
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between November/December and February (Fiorentino et al., 2003; Albuquerque et 
al., 2004; Eusébio et al., 2007; Amaral et al., 2008; McNamara et al., 2008) the 
geographically diffuse nature of olive oil production, which varies from year to year 
(Aires, 2007; McNamara et al., 2008) are also factors that must be considered when 
choosing the treatment. Although physical and chemical characteristics of OMW not 
being constants, for reasons already mentioned, knowing their major constituents is 
essential to delineate any treatment of these wastes and establish their final destination 
(Marinho, 2009). Thus, there is no single solution to the problem, but several solutions, 
especially depending on specific conditions of each site and type of olive oil extraction 
method.  
Although in Portugal the production of olive oil is lower in relation to other 
mediterranean countries, the environmental pollution due to production of the olive mill 
wastewaters assumes some relevance. There are already some studies in order to 
provide a solution to these wastes, almost all focusing on the treatment of OMW or in 
the solid byproduct (Peres, 2001; Baeta-Hall et al., 2002; Pinto et al., 2002; Fragoso, 
2003; Dias, 2004; Dias et al., 2004; Eusébio et al., 2007; Gonçalves et al., 2009; 
Marinho, 2009; Duarte et al., 2010). Different technologies have been developed to 
reducing the polluting power of OMW such as physical and chemical treatments, well 
described by Aires (2007) and Ferraz (2012). 
OMW disposal practices, with some restrictions, include their use in irrigation of 
agricultural land (MAOT, 2005) because these wastes have some nutrients which are 
important factors to plants and soils fertility (Marinho, 2009) making possible their use 
in fertilization, as well as a source of irrigation (Albuquerque et al., 2004; Aires, 2007; 
Marinho, 2009; Ferraz, 2012). Aires (2007) shows that the controlled application of a 
solid byproduct of two-phases extraction method as fertilizer may be an appropriate 
final destination without causing acidification problems or soil salinization and without 
affect the production or quality of the installed cultures. Casa et al (2003) reported that 
the application of OMW in the soil, taken in advance of germination period, can avoid 
toxicity, but without mention of what is the time gap that, at least, should be respected. 
On the other hand, several investigations shows that the presence of phenolic 
compounds limit the direct application of OMW into soils (without pre-treatment), due 
the phytotoxic activity of these effluents (Tsioulpas et al, 2002; Casa et al, 2003), 
although Marinho (2009) referred that phytotoxicity can be minimized by chemical or 
biological processes taking place in the soil. Therefore it is possible to conclude that 
current knowledge still not sufficient to support the safe use of these products in 
agriculture and there are several aspects that need to be clarified.  
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Another possible solution is the use of evaporation ponds, which reduces the 
volume of waste, however without treating the pollutants (Albuquerque et al., 2004; 
MADR, 2007; Ferraz, 2012). This method do not alleviate the high COD or toxicity and 
additionally contributes to odor problems, as well as leading the loss of water from 
areas that are mostly deficient in this resource (McNamara et al., 2008). On the other 
hand, the used of evaporation ponds can be a possible solution to olive oil sector due 
their simple economic implementation and maintenance, there are a natural 
evaporation between two campaigns, which effectiveness is dependent of climatic 
conditions of region (Ferraz, 2012). Only is necessary the neutralization of effluent in 
case of agricultural irrigation and there are also the possibility of selling the dry solid 
residue as a fertilizer (Ferraz, 2012). Another solution for OMW it´s her rejection in the 
municipal collectors after solid remove pretreatment (MADR, 2007). 
Biological processes are more economical and efficient than the physico-
chemical, particularly anaerobes processes (Niaounakis and Halvadakis 2006). 
Bioremediation is an important process in decreasing environmental contaminants and 
the base of process is the ability of certain microorganisms to degrade environmental 
contaminants and using them as a source of carbon and energy. In this perspective, 
the biological treatment of OMW comes as a beneficial alternative. Since is a treatment 
which involves biomass, sometimes it’s necessary to carry out a pretreatment in order 
to ensure that the wastewater that comes into contact with the biomass is adapted to 
be treated. This is strictly necessary to meet the catabolic pathways for species 
passive to be used, to obtain an efficient degradation of the variety of compounds 
which are found in OMW (Ferraz, 2012). 
A variety of biological processes and microorganisms have been tested to treat 
OMW, to remove dark coloration and phytotoxic compounds or reduce organic load. 
Several investigations have been carried out with fungi and bacteria, using either 
suspended or immobilized cultures, or using enzymatic treatments (Casa et al., 2003) 
or aerobic (Piperidou et al., 2000; Garrido Hoyos et al., 2002) or anaerobic digestion 
(Dhouib et al., 2006). 
A number of different bacteria have been tested in aerobic processes including 
Azotobacter vinelandii (Piperidou et al., 2000), Pseudomonas putida and Ralstonia sp. 
(Di Gioia et al., 2001a, b), Lactobacillus plantarum, isolated from the fermentation of 
olive brine (Lourenço et al., 2003), but in general their effectiveness in reducing the 
phytotoxicity of OMW varies greatly. Aerobic bacteria have been tested primarily as an 
approach for removal of phytotoxic compounds (i.e., monoaromatic or simple 
phenolics) from OMW, although some studies have also focused on reduction of COD.  
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Generally aerobic bacteria appear to be very effective against some phenolic 
compounds and relatively ineffective against others, some of them appear to have a 
minimal effect on the more complex polyphenolics responsible for dark coloration of 
OMW (McNamara et al., 2008).  
A variety of fungi have been also used for bioremediation of OMW, such as 
Pleurotus ostreatus (Aggelis et al., 2003), the white rot fungi Pleurotus (Kissi et al., 
2001; Tsioulpas et al., 2002), Phanerochaete chrysosporium (Gharsallah et al., 1999), 
Geotrichum candidum (Borja et al., 1995; Assas et al., 2000) and Ganoderma 
applanatum (Matos et al., 2007). The use of Aspergillus to treat OMW has not been 
has common as the white rot fingi (McNamara et al., 2008) but several studies have 
been carried out with Aspergillus niger (Hamdi et al., 1991; Borja et al., 1995). These 
fungi have proved to be efficient in eliminating some organic loading and phenolic 
fractions of OMW. A diversity of fungal isolates has been also tested (Dias et al., 2004; 
Robles et al., 2004; Dhouib et al., 2006). Mann et al (2010) screen indigenous 
Australian fungi for their ability to produce detoxifying enzymes and/or grow in OMW 
and evaluate the potential of selected isolates, such as species of Cerrena, 
Byssochlamys, Lasiodiplodia and Bionectria as bioremediators of OMW in the 
presence of a competing indigenous microflora. It appears that in addition to reduction 
of COD and removal of simple phenolics, fungi are also effective at reducing coloration 
of OMW (MCNamara et al., 2008). 
Some different yeasts have been tested too, Candida tropicalis (Ettayebi et al., 
2003; Fadil et al., 2003), Trichosporon cutaneum (Chtourou et al., 2004) and results 
showed that they are effective to reduction of COD and removal of mono and 
poplyphenols.  
McNamara et al (2008) documented in detail the microbial treatment of OMW, not 
only with aerobic microorganisms, such as aerobic bacteria and fungi and the 
combined bacterial-fungal systems, but also with anaerobic microorganisms and the 
combined aerobic-anaerobic systems, highlighting the different effectiveness in 
reducing OMW phytotoxicity, such as COD and phenolic contents.  
Another way of using OMW without resorting special previous treatments is 
composting processes with other organic wastes (Paredes et al., 2002; McNamara et 
al., 2008). Generally, even varying the type of organic waste associated to OMW, good 
results are obtained, revealed by high concentrations of organic nitrogen – Norg - (14.7 
to 16.6 g.kg-1 after 182 days and 10.3 to 14.9 after 91 days of OMW sludge with wastes 
from cotton gin (CW) and maize straw (MS) respectively) stabilized organic load and 
polymerized humic substances in larger quantities (Paredes et al. 2002). 
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1.4 Microalgae applications  
 
 
Microalgae are prokaryotic or eukaryotic photosynthetic microorganisms that 
have potentially useful in industrial applications and has received increasing interest 
worldwide, particularly in the food, cosmetic and pharmaceutical industries (Mallick, 
2002; Olaizola, 2003; Acuner and Dilek, 2004; Spolaore et al, 2006;.Gouveia et al, 
2010; Santos et al., 2014) Other applications from microalgae are due the ability in 
wastewater treatments (de-Basham et al., 2002; Dinis et al., 2004; González, 2006; 
Singh and Dhar, 2007; Shu et al., 2009; Lim et al., 2010; Ruiz-Marin et al., 2010; 
Sriram and Seenivasan, 2012; Mata et al., 2010; Wang et al., 2010; Wang et al., 2013; 
Guiry and Guiry, 2014) with or without cells immobilization (Jeanfils et al, 1993; 
Jiminez-Perez et al., 2004; Mallick, 2002; Ruiz-Marin et al., 2010). 
The Chlorella sp. is a unicellular green algae that is able to grow in freshwater 
and is abundant in coastal waters. Its cell size is around 2–10 μm and its rigid wall 
consists of 22.6% cellulosic material and the rest is formed by other polysaccharides 
and unknown substances (Doshi et al., 2008). They present a high photosynthetic 
capacity, with high chlorophyll content (being chlorophyll a the more representative). 
The photosynthetic mechanism of microalgae, although similar with terrestrial plants, 
differs in simple cell structure that microalgae exhibit and they shows more efficient 
exchange of water, nutrients and CO2 that higher plants, which leads to higher rates of 
conversion of light into biomass (Carlsson et al. 2007).  
The species Chlorella vulgaris (Figure 1.6) it is a eukaryotic microalgae belonging 
at Clorophyta phylum, Trebouxiophyceae class, Chlorellales order and Chlorellaceae 
family (Guiry and Guiry, 2014). This microalgae, in normal conditions, is unicellular but 
when environmental conditions are adverse have a tendency to form aggregates or  
colonies (Queiroz et al, 2008; Russo, 2011) Reproduction can be done by binary 
fission, asexual spores and sexual reproduction (Ohse et al., 2008). 
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Fig. 1. 6 - Chlorella vulgaris Beyerinck [Beijerinck] (Image Ref. 5688) (Seattle, Washington, USA; cement wall, 1000x, 
DIC – 01 Nov 2008 © Karl Bruun (skogenman@earthlink.net) ) in Guiry and Guiry (2014) 
 
 
Several factors may influence the development of microalgae (mainly 
physicochemical factors) which are mostly covered in studies of light, temperature and 
nutrient availability. The possibility of growing microalgae in waste water (with complex 
nutrient availability) and concomitantly resulting in to bioremediation process could be 
of importance. Thus, the major objectives of this work were evaluating the potential of 
Chlorella vulgaris for OMW bioremediation, under some environmental conditions, as 
well as to evaluate the toxicity of final treated effluent.  
 
 
The specific aims of this work were:  
 Screening of growth of C. vulgaris under different OMW dilutions; 
 Evaluation of phenolics removal efficiency, with bioremediation assays, and to 
know the effects of some environmental conditions: 
 Testing the effect of homogeneity of cultures, i. e. agitation versus aeration, 
 Testing the effect of different regimes of light, i.e. photoperiod versus 
continuous light; 
  Testing different inoculum concentrations. 
 Evaluation of potential use of algal biomass in a 2nd cycle of biotreatment; 
 Evaluation the toxicity of final treated effluent by germination seed tests 
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CHAPTER II - MATERIAL AND METHODS 
__________________________________________ 
 
 
2.1 Olive mill wastewater sampling 
 
Samples of olive mill wastewater (OMW) were collected from a continuous 3-
phase olive mill facility, located in north of Portugal (Oliveira de Azeméis, 
40°50′ 0″ N, 8° 29′ 0″ W) during january of 2013, using a 5L plastic bottles. Samples 
were collected at the end of oil extraction process, prior to deposition in the basins and 
sampled only once. The temperature of the effluents, in this sampling point, range 
between 25±2.0ºC, with pH 5.0 ±0.3 (multiparameter HANNA HI9828). 
In the laboratory, OMW was filtrated, for removal of suspended solids and 
acidified until pH 2 (HCl) and finally frozen until use for batch cultures. Whenever 
necessary, samples were thawed and the original pH was restored (NaOH). 
 
 
2.2 Microalgal strain 
 
The green alga, Chlorella vulgaris (CBSC 15-2075), was used as a test strain to 
evaluate their bioremediation potential. Stock cultures are maintained on solid Walne´s 
modified medium (1%) in Petri dishes and usually they are transferred once in every 
two months. Incubations were under temperature of 19 ± 1 ºC, light intensity of 3000 
lux (Gro-Lux fluorescent lamps), 12:12 h light:dark photoperiod. For the cultures in 
larger volumes, the solid cultures are picked up and transferred to tubes with about 20 
mL of fresh liquid medium, always in axenic conditions. These cultures were 
maintained under the same conditions, and manually shaken once a day. When these 
cultures increases cell density, several cultures tubes are then transferred into larger 
volumes.  
For in vitro bioassays, C. vulgaris was pre-cultured in 1000 mL flasks with same 
sterilized medium, in a controlled chamber under the following conditions: temperature 
of 22 ± 1 ºC, light intensity of 4500 lux (Gro-Lux fluorescent lamps), 16:8 h light:dark  
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photoperiod, with aeration, until reach exponential growth phase and to be able to be 
used. The aeration includes an air filtration system, comprising sterile filtration units of 
22 µm and 50 mm diameter (Millex ™).  
 
2.3 Screening of microalgae growth 
 
In order to evaluate the potential of C. vulgaris to grow in presence of OMW, 
several assays were performed on agar solid, under axenic conditions. These assays 
were performed immediately after OMW arrival to laboratory, i.e. with OMW kept in 
refrigeration, without acidification. Five different dilutions of OMW (OMW/water – 5%, 
10%, 20%, 30% and 40%) were prepared on agar (10%) and sterilized by autoclaving 
at 1210C and 0.1 MPa during 20 minutes. Petri dishes (50×14 mm) containing these 
different OMW dilutions, and also a control growth with Walne modified medium, were 
prepared. Three different inoculums concentrations of C. vulgaris, obtained from 
successive dilutions from first, were seed, using always 100 µL: higher (72x106 
cells.mL-1, i.e. 7.2x106cells.100µL-1), medium (21.8x106cells.mL-1, i.e. 
2.18x106cells.100µL-1) and low (7.35x106 cells.mL-1, i.e. 0.735x106cells.100µL-1). 
Incubation was in chamber, under previous conditions (temperature of 22±1 ºC, light 
intensity of 4500 lux and 16h:8h light:dark). The degree of algae growth was assessed 
by comparison with control growth after 4, 7 and 12 days. All the assays were done in 
triplicate. The scheme below shows the general procedure implemented for the 
screening of C. vulgaris growth (Figure 2.1.) 
C. vulgaris cultures 
 
 
     
 
100 µl of each one plated on agar solid 
 
 
 
 
 
Fig. 2. 1 - Representative scheme of growth screening assays, implemented in this work.  
5%, 10%, 20%, 30% and 40% OMW dilutions 
Control growth (Walne´s Modified medium) 
High 
concentration 
Low 
concentration 
Medium 
concentration 
Incubation 
Sol. 1 Sol. 2 Sol. 3 
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The figure 2.2 shows examples of aspects of inoculums concentrations of C. vulgaris 
and OMW dilutions, used in screening growth assays. 
 
 
 
 
Fig. 2. 2 - Aspects of inoculums and OMW dilutions used in screening growth assays: (A) Examples of medium and low 
inoculums concentration of C. vulgaris; (B) Examples of OMW dilutions showing, a=5%; b= 10%; c= 20%; d= 30%; e = 
40%. 
 
 
 
2.4 Batch assays 
 
 
The ability to use chemical compounds as a source of carbon and energy, allows 
the organism to survive. When these substances present some toxicity the success to 
grow depends on their concentration. The assessment of phenolic compounds 
removal, present in OMW, by C. vulgaris was made in batch cultures. At this stage we 
intent to evaluate also the effect of different cultures conditions on the phenolic removal 
efficiency, namely continuous aeration versus agitation and continuous light versus 
light:dark photoperiod.  
Based on previous results of growth screening, C. vulgaris was cultivated in 20%, 
30% and 40% of diluted OMW. In addition, to intent to reduce lag phase, pre-adapted 
cultures were performed with 5% OMW in Walne modified medium, until reach 
exponential growing and be able to used for inoculation of batch assays. The general 
procedure implemented for batch essays is presented at figure 2.3.  
 
 
 
A B 
a b c d e 
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Fig. 2. 3 - Representative scheme of batch cultures assays, implemented in this work. 
 
Batch cultures have started in sterile Erlenmeyer flasks, with OMW dilutions 
sterilized as before, to ensure that microorganism responsible for alterations would be 
Chlorella vulgaris. Volumes of cultures assays were performed between 500 mL to 
1000 mL and all the cultures were kept at 22±1 ºC. Cultures of set A were keep under 
rotating shaker, at 150 rpm during 10 minutes, fourth a day: twice in dark and twice in 
light - Edmund Bühler) and 16h:8h light:dark of 3000 lux, cultures of set B were keep 
under constant aeration under 16h:8h light:dark of 4500 lux and finally, cultures of set 
C were keep under same previous aeration system with continuous light intensity of 
4500 lux,. For set A and set B cultures, three OMW dilutions were tested (20%, 30% 
and 40%) and for set C only two OMW dilutions were tested (20% and 40%). Also in 
set C, the final algal biomass obtained after the biotreatment was centrifuged, washed 
several times in sterile medium and used for a second treatment (2 cycles) under same 
conditions (aeration and continuous light) as showed in figure 2.3. 
All the assays were done in duplicate. Parameters evaluated included C. vulgaris 
growth, pigments and proteins, as well as total phenolics content in the medium. 
 
 
 
 
C. vulgaris (pre-adaptation 5% OMW / Walne modified medium (v/v) 
 
Inoculum used in batch cultures 
 
Set A 
Agitation + 16:8 h 
light:dark photoperiod  
Set C 
Aeration + continuous 
light 
 OMW 20%, 30%, 40% 
 1 cycle 
 OMW 20%, 30%, 40% 
 1 cycle 
 OMW 20% and 40% 
 2 cycles 
Set B 
Aeration + 16:8 h 
light:dark photoperiod 
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2.4.1Growth assessment  
 
Growth assessment of C. vulgaris was made by cell counting, using a 
hemocytometer (Figure 2.4). Results were expressed as Specific Growth Rate (μ) and 
Growth Index (GI), according the equations:  
 
(μ) = 
0
0
tt
LogNLogN


        
 
GI = (Nf –Ni)/Ni 
 
(N = cells concentration at the end of exponential grow; N0 = cells concentration at 
beginning of exponential grow; t = time; Nf = final cells concentration; Ni = inoculum 
concentration). 
 
  
Fig. 2. 4 - Aspect of hemocytometer under microscope and quadrant considered for cells quantification. 
 
 
The determination of pigments concentration was made by spectrophotometric 
method, at inoculation time, during assays and at final of experiments. Briefly, after 5 
mL of sample centrifugation (3500 rpm, 15 min), pigments are extracted from the algal 
pellet with 5 mL of acetone (90% (v/v)). The samples are vigorously mixed, covered 
with parafilm and kept out in the dark, in a refrigerator, overnight (±16 hours). After this 
step, samples were centrifuged again and supernatant is used for absorbance 
measurements (NANOCOLOR UV / VIS 60Hz). After reading, samples and control are 
acidified with HCl (5%) and used for absorbance measurements at wavelengths 750  
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nm and 665 nm. All the quantifications were performed in duplicate and pigments 
concentrations were calculate according equations: 
 
 Chlorophyll a (Jeffrey & Humphrey, 1975) 
Chl a (μg mL-1) = [ [(11,93 x (A663 – A750)] – [1,93 x (A645 – A750))] x V1 ] / ( V2x P)  
 
 Chlorophyll b (Jeffrey & Humphrey, 1975) 
Chl b (μg mL-1) = [ [(20,36 x (A645 – A750)] – [5,5 x (A663 – A750))] x V1 ] / ( V2x P)  
 
Total Chlorophyll (Lorenzen, 1967) 
Total Chl (μg mL-1) = [ [(11,4 x K x ((A665 – A750) – (A665A – A750A))] x V1 ] / (V2 x P)  
 
 Carotenoids (Parsons and Strickland, 1963) 
Carotenoids (μg mL-1) = [ (10 x (A480 – A750) x V1 ] / ( V2x P)  
 
 
From the above, the Margalef Index (MI) ratio was calculated according the equation: 
 
 Margalef Index (Margalef, 1964) 
 
M.I. = (A430-A750)/(A663-A750) 
 
 
(Anm= absorbance at nm; AnmA = absorbance at nm, after acidification; V1 = volume of 
acetone used in extraction (mL); V2 = volume of sample (mL); P = 1 (cuvette optical 
path (cm)); K = 2.43 (standardizes factor to reduction in absorbance at the initial 
concentration of chlorophyll after acidification) 
 
 
For comparisons purposes, results of pigments were also expressed as pg.cell-1: 
 
pg.cell-1 = (Total Chl or Carotenoids (μg mL-1) /number of cells) x E6 
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2.4.2. Protein content 
 
The protein content was determined by Bradford method (Bradforf, 1976). Briefly, 
to pellet resulted from pigments extraction, we added 5 mL of NaOH (0.5 M), 
homogenized, placed in a water bath (90oC±5) about 20 min and after cooling samples 
are centrifuged (3500rpm / 15 min). The reading is performed using supernatant at 595 
nm (UV/VIS Nanocolor 60 Hz). The concentration of total proteins was performed 
considering a calibration curve using BSA (bovine serum albumin) as standard. All the 
analyses were done in duplicate.  
Results were expressed as ng.mL-1  and μg.cell-1. Protein variation was evaluated 
as Protein Increase Index (PrI) and Protein Loss Index (PrL), according equations: 
  
 
Protein Increase Index (PrI μg/cell) = [(Prf / Nf)- (Pri / Ni) ] / (Pri/Ni) x 100 
 
Protein Loss Index (PrL μg/cell) [(Pri / Ni) – (Prf / Nf)] / (Pri/Ni) x 100  
 
(Pri = initial protein content; Prf = final protein content; Nf = final cells concentration; Ni 
= inoculum concentration).  
 
 
2.4.3. Total polyphenolics content  
 
Total polyphenols content was evaluated at beginning and at the end of each 
experimental set. Samples were taken and algae were separated by centrifugation to 
obtained supernatants. Total polyphenols content was determined colorimetrically at 
725 nm (UV/VIS Nanocolor 60 Hz) by Folin-Ciocalteau method using gallic acid as a 
standard. All the analyses were done in duplicate. Results were expressed as mg.mL-1 
and ng.cell-1. The removal efficiency was evaluated as Phenolic Loss Index (PLI), 
according equation: 
 
PLI (ng/cell) = [(Phni / Ni) – (Phnf / Nf)] / (Phni/Ni) x 100  
 
(Phni = initial total phenolics concentration; Phnf = final total phenolics concentration; Nf 
= final cells concentration; Ni = inoculum concentration)  
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2.5 Phytotoxicity assessment  
 
In order to evaluate the OMW toxicity after treatments with C. vulgaris, samples 
of final culture medium of each set were used for germination tests. Germination 
assays were performed with lettuce seeds (Lactuca sativa), incubated in a growing 
chamber at 26°C±1, for 7days in the dark (Figure 2.5). 
Before starting the test, lettuce seeds were washed in diluted commercial NaClO 
(ClO- 20% (m/v)) for 15 min and then washed repeatedly several times with sterile 
distilled water. The methodology implemented is based on a standard procedure for 
phytotoxicity assays and was adapted from Komilis et al. (2005). Eight lettuce seeds 
were disposed on each Petri dishes, lined with filter paper and watered with 5 mL of 
each OMW sample after final biotreatment. Controls were prepared in same way, using 
distilled water (control +), and using OMW at same dilution without algal treatment 
(control -). Samples and controls were done in triplicate. For root length less than 2 
mm, the seed was considered not germinated and the root length was taken equal to 0 
mm. Results were expressed as percentage of seeds germination (GS) and root 
elongation (RE). 
 
 
Fig. 2. 5 - Examples of Petri dishes and incubation during germination seeds assays: (A) example of Petri dishes with 
lettuce seeds, (B) growing chamber used in incubation 
 
In order to provide an integrative information, seed germination and root 
elongation from samples can be combined with same parameters from control, 
resulting in Germination Index (GI %), according to the equation introduced by Zucconi 
et al (1981), with alterations by Komilis et al (2005).  
 
GI (%) = (GSs/GSc) x (REs/REc) x 100 
 
A B 
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With: 
GSs= germinated seeds in sample 
GSc= germinated seeds in control 
REs = root elongation in sample 
REc = root elongation in control 
 
Besides, OMW phytotoxicity after biotreatment was quantitatively estimated using 
Phenol-toxicity Index (Ph.I.), proposed by Tsioulpas et al. (2002): 
 
Ph.I = (100-GI) / Total phenolics content (mg/mL) 
 
The general procedure applied in this work is summarized in figure 2.6. 
 
Fig. 2. 6 - Scheme representative of general procedure implemented in this work. 
 
 
2.6 Data analysis 
 
After each step of work a statistical analysis were carried out and the results were 
expressed as mean values ± standard deviation (M±SD). The program used for data 
processing was SPSS Statistic 17 with a significance level of 5%. 
The Mann-Whitney test was used to identify differences in the mean value of 
specific growth rates and phenolic, pigments and protein contents, within each test. In 
germination seeds tests data were compared using a Student's t-test and ANOVA with 
Tukey´s post-hoc test for multiple comparisons. Spearman's correlations were used to 
identify relationships between germination index, phenolics index and phenolics 
content.  
 
  
OMW 
sampling 
Growth 
screening 
Batch 
cultures 
Phenolic 
content  
Phytotoxicity 
assessment 
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CHAPTER III – RESULTS AND DISCUSSION 
__________________________________________ 
 
 
3.1 Screening of growth 
 
The main goal of these assays was to study the ability of C. vulgaris to growth in 
the presence of high levels of phenolic compounds, commonly found in OMW. Also we 
intent evaluate the effect of inoculum concentration in the response growth.  
The pH of different OMW dilutions in agar was 5.74±0.1 and although slightly low, 
generally, C. vulgaris showed ability to grow in tested dilutions, being dependent of 
time and inoculum concentration i.e. all the OMW dilutions tested showed some degree 
of algal grow, being the results fastest when we used the high inoculum concentration, 
compared with low inoculum concentration (Table 3.1). Also, results observed for 
medium inoculum concentration were almost identical to the results observed for high 
inoculum concentration.  
 
Table 3. 1 - Growth of C. vulgaris observed for controls and OMW dilutions on Petri dishes, after 12 days of incubation 
with high inoculums. 
                    Conditions Growth 
Control 
Sterilization - 
Growth +++ 
OMW dilutions 
5% +  
10% +++  
20% +++/-  
30% +++/-  
40% ++  
 ( - ) Absence of growth; (+++) Significant growth 
 
 
The fast-grow, as well as the high density, were observed at 10 %, 20% and 30% 
of OMW dilutions. Lowest density of cells was observed at 5%, comparing to control, 
suggesting low nutrients amount (Figure 3.1). In fact, since OMW dilutions were 
performed with distillated water, no other nutrient source was added.  
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Fig. 3. 1 - Comparison of C. vulgaris growth after 12days incubation, for higher inoculum concentration: positive control 
(a), OMW dilutions (b=5%, c=10%, d=20%, e=30%, f=40%).  
 
 
Based on these results batch cultures were conducted with 20%, 30% and 40% 
of diluted OMW, inoculated with pre-adapted cultures (5% OMW). 
 
 
 
3.2 Batch Assays 
 
 
The assessment of phenolic compounds removal was made in batch cultures, 
with different conditions of light and homogeneity of cultures. Therefore results will be 
presented for each set of assays. 
 
 
3.2.1 Agitation and photoperiod (set A) 
 
In this set, cultures have been started with a concentration of 5.5 ±0.1 × 10-6 cells 
mL-1, for the three dilutions tested (20%, 30% and 40%), and after 11 days of 
fermentation cellular density is quite the same, when comparing with beginning (Figure 
3.2). 
 
 
FCUP 
Olive mill wastewaters treatment: evaluation of microalgae applicability 
28 
 
 
 
Fig. 3. 2 - Example of growth of C. vulgaris in batch cultures of set A (agitation and photoperiod) between days 1 and 
11, for OMW 20% and 40% (Data are expressed as mean of duplicates) 
 
Because time of treatment depends on algal growth, these assays were stay in 
progress for more days, until a total of 24 days of fermentation. After biotreatment 
cellular density was quite the same for the three types of dilutions, reaching a mean of 
6 × 10-6 cells mL-1. Cultures not showed an exponential growth phase and, in generally, 
after 24 days of fermentation, lower growth index were achieved (Table 3.2). For all the 
cultures the pH slightly increases, from pH 6±0.1 to pH 8.4±0.1. 
 
Table 3. 2 - Biological parameters obtained in C. vulgaris batch cultures for set A (with agitation and photoperiod)  
Parameters 20% OMW 30% OMW 40% OMW 
Total days 24 24 24 
Ni (xE
6
/mL)       5.5 5.6 5.6 
N11 (xE
6
/mL)
*
 6.03±0.32 6.15±0.28 5.8±0.18 
Nf (xE
6
/mL)
*
 6.2±0.04 6.00±0.08 6.03±0.04 
Growth Index (GI) 13%±0.0  7%±1.41 8%±0.71 
Ni = inoculum concentration; N11 = cells concentration at 11
th
 day; Nf = final cells concentration at 24
th
 day; 
*
Data are 
expressed as mean of duplicates ±SD 
 
 
3.2.1.1 Total Phenols 
 
Although previous cellular density results, in generally, all the OMW dilutions 
tested showed a total polyphenols content decrease, after 24 days. Cultures with 20% 
OMW were started with polyphenols content of 13.75 mg.mL-1 and achieving a final 
concentration of 6.33 mg.mL-1 ± 0.55, cultures with 30% OMW started with 20.15 
mg.mL-1 of polyphenols content and achieving a final concentration of 9.12 mg.mL-1 ±  
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0.31, whereas 40% cultures were started with a content of 22.49 mg.mL-1, reaching a 
final concentration of 12.88 mg.mL-1 ±1.90 (Table 3.3). 
 
 
 
Table 3. 3 - Total polyphenols content along time (mg/mL and ng
 
/ cell) for set A (agitation and photoperiod).n=2; M±SD. 
OMW diluted 
       Polyphenols (mg/mL)                   Polyphenols (ng/cell) 
T1 T11 T24 T1 T11 T24 
20% 
A 
13.75 
7.11 5.94 
2.500 
1.226 0.958 
B 6.25 6.72 0.999 1.083 
 M±SD  6.68±0.61 6.33±0.55  1.113±0.16 1.021±0.09 
30% 
A 
20.15 
11.10 9.34 
3.598 
1.748 1.573 
B 10.36 8.90 1.741 1.469 
 M±SD  10.73±0.52 9.12±0.31  1.744±0.00 1.521±0.07 
40% 
A 
22.49 
13.93 12.26 
4.017 
2.401 1.922 
B 12.80 15.36 2.207 2.351 
 M±SD  13.37±0.80 13.81±1.90  2.304±0.14 2.136±0.30 
 
 
 
Since decrease in total polyphenols content was assumed to be dependent on C. 
vulgaris, their content was also expressed taking into account the cellular density. 
Therefore, it is possible to observe that, although polyphenols decreased in all OMW 
dilutions (Figure 3.3 and Table 3.3), this is not depending on time. In fact, this decline 
occurs during the first 11th days of fermentation, since there are no differences in 
polyphenols content between the 11º day and the terminus of fermentation, i. e. 
between 11º and 24 º days. 
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Fig. 3. 3 - Total polyphenols (ng / cell) variation along time for 20 %, 30% and 40% OMW dilutions of set A (agitation and 
photoperiod).  M±SD, n=2. 
 
Removal efficiency was evaluated as Phenolic Loss Index (PLI) and therefore 
values were taken in to account the 1º and 11º day of fermentation. Results showed 
that PLI achieved by biotreatments at OMW 20% was 55%±6.42, for biotreatments at 
OMW 30% was 52%±0.13 and for OMW 40% was 43%±3.41. Although PLI values 
were not different statically (p> 5%) there is a tendency for a relationship with PLI and 
OMW dilutions (Table 3.4). i.e high PLI was observed at high dilution – 20%, 
concomitant with lower phenolics content.  
 
Table 3. 4 – Phenolic Loss Index (%PLI µg/cell) for set A (with agitation and photoperiod). n=2; M±SD. 
 Diluted OMW  
20% 30% 40% 
Phenolic Loss 
Index 
(%PLI µg/cell) 
55±6.42 52±0.13 43±3.41 
              
 
These results suggest a limitation of microalgae growth by the presence of toxic 
substances. In fact, olive mill waste water is characterized by very high levels of 
phytotoxic inhibitory compounds, able to inhibit also the growth of algal biomass, such 
as phenolics (Niaounakis and Halvadakis, 2006; Aruoja et al., 2011; Shao et al., 2013). 
However some algae species could degrade or absorb phenol compounds when their 
concentrations were lower (Al-Khalid and El-Naas, 2012; EI-Sheekh et al., 2012), as 
we probably observed mostly at 20% OMW dilutions.  
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3.2.1.2 Proteins and Pigments 
 
In all cultures, proteins content started with 19.2ng.mL-1 and was increased after 
all biotreatments, in accordance with slightly cell increase. For 20%, 30% and 40% it 
was observed an increased to 20.6 2ng.mL-1±6.73, 31.64 ng.mL-1±5.41 and 27.22 
ng.mL-1 ±3.75, respectively (Table 3.5).  
 
Table 3. 5 –Total proteins content along time (ng /mL) for set A (with agitation and photoperiod). n=4; M±SD 
 
OMW dilution 
Time (days) 
1 11 24 
20%  19.2±0.03 25.90±3.25 20.62±6.73 
30%  19.2±0.03 21.63±2.28 31.64±5.41 
40%  19.2±0.03 18.00±1.27 27.22±3.75 
 
 
The protein content per cell was considered at 1º and 11º day of fermentation in 
attempt to relate them with polyphenols decreased. It is possible to observe an 
increase in treatment of OMW 20%, whereas at OMW 40% it was observed a slightly 
decline, after biotreatments (Table 3.6). Generally, there are a relationship with tested 
OMW dilutions and protein by cell variation, therefore a negative relationship with 
protein and polyphenols content occurs also. That could be related to the cell effort to 
degrade/absorb phenol compounds, possible when their concentration was low, as we 
observed at 20 and 30% OMW dilutions. In turns, at low OMW dilution (40%) the high 
content of phenolic compounds could express their toxic effects, affecting for instants 
the turnover of enzymes, leading to a protein decrease. 
 
 
Table 3. 6 – Protein content per cell (pg/cell) and Protein Increase Index/Protein Loss Index (% PrI / PrL) for set A 
(agitation and photoperiod). n=4; M±SD 
OMW dilution 
Time (days) 
1 11 PrI/ PrL 
20%  0.00349±0.000 0.00432±0.001 +24% 
30%  0.00342±0.000 0.00353±0.000 +3.22% 
40%  0.00341±0.000 0.00310±0.000 -9.09% 
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The concentration of photosynthetic pigments allows us estimate the biomass 
and photosynthetic capacity, providing information of physiological state of culture. As 
results shows, chlorophyll b and particularly the carotenoids, increased from the 1º to 
the 11º day of fermentation, whereas chlorophyll a, the most important photosynthetic 
pigment in this class of microalgae, decrease (Table 3.7). Also, results of pigment 
diversity index, according to Margalef, showed that pigment diversity is negatively 
related with phenolic concentration, suggesting lower pigment diversity in relation to 
chlorophyll a (Table 3.7). Perhaps, these pigments variations are more related to a 
stress situation, due to phenolic toxicity effect, since apparently depend on phenolic 
concentration. 
 
Table 3. 7 - Pigments content (µg/mL) for set A (with agitation and photoperiod). n=2; M±SD 
Parameter 
 
 OMW dilution  
20% 30% 40% 
Chl a 
T1 0.20* a 0.15* 
T11 0.02±0.02 0.04±0.03 0.09±0.04 
Chl b 
T1 0.06* a 0.09* 
T11 0.09±0.05 0.16±0.01 0.12±0.01 
Total Chl 
T1 0.44* 0.37* 0.41* 
T11 0.21±0.06 0.25±0.07 0.33±0.07 
Carotenoids 
T1 0.11* 0.02* 0.09* 
T11 0.12±0.00 0.22±0.02 0.25±0.03 
MI 
T1 3.17* 5* 3.64* 
T11 25.50* 16* 9.05* 
 a= not measured; * n=1  
 
 
With increase of phenolic compounds in the medium, lower decreases in Total 
Chl per cell was observed (Figure 3.4). These results are some surprising, since 
several phenolic compounds have showed antialgal activities, including photosynthetic 
negative effects, decreasing the chlorophyll content (Stom and Roth, 1981). In turns, 
with increase of phenolic compounds in the medium a higher increase in carotenoids 
per cell (this late from 30% to 40%) is observed, probably as consequence of toxic 
effects increase (Figure 3.4). In fact, under a stressful environment, such as nutrition  
FCUP 
Olive mill wastewaters treatment: evaluation of microalgae applicability 
33 
 
stress, some Chlorophyceae, such as Chlorella accumulate ketocarotenoids, 
canthaxanthin and astaxanthin (Takaichi, 2011). 
In autotrophic conditions, chlorophyll content and total protein in C. vulgaris was 
negatively influenced by phenolics, i. e., inhibition increased with increasing in phenols 
(Megharaj et al., 1992), as we observed here. 
 
 
Fig. 3. 4 - Pigments content (pg/cell) for set A (agitation and photoperiod) between 1 and 11 days. n=2; M±SD. 
 
 
3.2.2 Aeration and photoperiod (set B) 
 
Cultures from this set showed a growth of C. vulgaris very similar to previous set 
(set A), i.e. for the three tested OMW dilutions, generally there are a small cellular 
increases after 11 days. All the cultures have been started with a concentration of 
5.5±0.1 × 10-6 cells mL-1, and after 11 days of fermentation, when compared with 
beginning, cellular density increase, but without exponential phase (Figure 3.5). 
Comparing with set A, during this same period, here we observed a higher cell 
increase. 
 
Fig. 3. 5 - Example of growth of C. vulgaris in batch cultures of set B (aeration and photoperiod) between days 1 and 11, 
for OMW 20% and 40% (data are expressed as a mean of duplicates). 
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As before, cultures were assessed during another more days, until a total of 24 
days of fermentation. During this time, all the cultures increase cellular density, with 
20% OMW cultures showing an exponential growth phase (Figure 3.6).  
 
 
 
In generally, after 24 days of fermentation, higher growth index were achieved, 
comparing cultures from set A. The mean growth index (GI) achieved by 20% OMW 
cultures was 154%±24.75, by 30% OMW cultures was 83%±14.14 and finally by 40% 
OMW cultures was 76%±11.31 (Table 3.8). As before, in this set, all the cultures 
showed a pH increase, with final values of 8±0.1.  
 
Table 3. 8 - Biological parameters obtained in C. vulgaris batch cultures for set B (aeration and photoperiod) 
Parameters 20% OMW 30% OMW 40% OMW 
Total days 24 24 24 
Ni (xE
6
/mL) 5.5 5.6 5.6 
N11 (xE
6
/mL)
* 
10.1±0.07 8.0±0.11 6.8±0.71 
Nf (xE
6
/mL)
* 
14±1.34 10.3±0.78 9.9±0.62 
Growth Index (GI)
* 
154%±2.75 83%±14.14 76%±11.31 
Ni = inoculum concentration; N11 = cells concentration at 11
th
 day; Nf = final cells concentration at 24
th
 day; 
*
Data are 
expressed as mean of duplicates ±SD 
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Fig. 3. 6 - Growth of C. vulgaris in batch cultures of set 
B (aeration and photoperiod) between days 11 and 24, 
for OMW 20%, 30%  and 40% (data are expressed as 
a mean of duplicates). 
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The results of cell density with time of culture, could indicate that inoculation must 
be performed with higher algae concentration, particularly cultures from set B, showed 
an extensive lag phase, although pre-adaptation conditions of the inoculums, before 
cell increase. Also, comparing the way of cultures homogeneity, the set A (agitation) 
with set B (aeration) it is possible to observe that aeration achieve highest growth 
index.  
 
 
 
3.2.2.1 Total Phenols 
 
In generally, for all biotreatments (20%, 30% and 40%) total polyphenols content 
was decrease. Cultures with OMW 20% were started with a content of 13.75 mg.mL-1 
and after 24 days achieving a final concentration of 12.26 mg.mL-1 ± 0.40, cultures with 
OMW 30% started with 20.15 mg.mL-1 and achieving a final concentration of 11.45 
mg.mL-1 ± 2.17, whereas OMW 40% cultures were started with a content of 22.49 
mg.mL-1, reaching a final concentration of 16.11 mg/mL ±1.99 (Table 3.9). 
 
 
Table 3. 9 - Total polyphenols content along time (mg/mL and ng/ cell) for set B (aeration and photoperiod). n=2; M±SD. 
OMW diluted 
       Polyphenols (mg/mL)                   Polyphenols (ng / cell) 
T1 T11 T24 T1 T11 T24 
20% 
A 
13.75 
8.88 11.97 
2.500 
0.888 0.921 
B 8.01 12.54 0.793 0.842 
 M±SD  8.45±0.62 12.25±0.40  0.841±0.07
a
 0.881±0.06
a
 
30% 
A 
20.15 
11.23 12.98 
3.598 
1.421 1.202 
B 11.71 9.91 1.453 1.022 
 M±SD  11.47±0.34 11.45±2.17  1.437±0.02
a
 1.112±0.13
a
 
40% 
A 
22.49 
13.19 14.70 
4.017 
2.093 1.560 
B 14.99 17.52 2.053 1.701 
 M±SD  14.09±1.27 16.11±1.99  2.073±0.03
a
 1.631±0.10
b
 
Different letters within same line correspond to significantly different means  
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The decrease in total polyphenols content, taking into account the cellular density 
of C. vulgaris, showed a decreased for all OMW dilutions tested, once again not 
depending on time, i. e. the decrease occurs during the first 11º days of fermentation, 
except for 40% OMW (Figure 3.7 and Table 3.9). Therefore, removal efficiency 
between 1º and 11º day of fermentation showed that OMW 20% treatments achieved a 
PLI of 66%±2.68 and OMW 30% treatments achieved values of 62%±2.36. For OMW 
40% treatment, between 1º and 24º day, the PLI value was 48%±0.71 (Table 3.10). 
Once again, there are a tendency for a relationship between PLI and OMW dilutions 
(high PLI observed at high dilution – 20%.)  
 
 
 
Fig. 3. 7 - Total polyphenols (ng / cell) variation along time for 20 %, 30% and 40% OMW dilutions of set B (aeration and 
photoperiod).  M±SD, n=2 
 
 
However, results of polyphenols decrease from set B could arise, besides the 
contribution of C. vulgaris, from others causes. Komilis et al (2005) referred that OMW 
aeration can enhance the aerobic decomposition of certain potential phytotoxic 
compounds, such as polyphenols and organic acids. Aerobic decomposition can break 
down several organic compounds to intermediate organic metabolic byproducts or 
ultimately oxidize some compounds to CO2. In fact, in set A the agitation was 
performed 10 minutes, fourth a day, resulting in a total of 40 minutes by day, a 
minimum contribution to the aerobic decomposition, in turns set B was performed 
under constant aeration.  
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Table 3. 10 – Phenolic Loss Index (%PLI µg/cell) for set B (aeration and photoperiod). M±SD, n=2. 
 OMW Dilution 
20% 30% 40% 
Phenolic Loss 
Index 
(%PLI µg/cell) 
66±2.68 62±2.36 59±2.49
*
 
* 
Phenolic Loss Index between day 1 and 24 
 
 
3.2.2.2 Proteins and Pigments 
 
In all treatments proteins content started with approximately 19.1ng.mL-1 and in 
all types of biotreatments total protein content was increased. For 20%, 30% and 40% 
OMW was observed an increased to 26.2ng/mL±3.92, 25.8ng/mL±4.80 and 27.2ng.mL-
1 ±6.13, respectively (Table 3.11).  
 
Table 3. 11 - Total proteins content along time (ng /mL) for set B (with aeration and photoperiod). n=4; M±SD 
OMW dilution 
Time (days) 
1 11 24 
20%  19.2±0.003 24.1±2.92 26.2±3.92 
30%  19.1±0.003 21.5±2.92 25.8±4.80 
40%  19.1±0.003 23.2±2.64 27.2±6.13 
 
According previous results, protein content per cell was considered at 1st and 11th 
day of fermentation for 20% and 30% OMW and at 1st and 24th day for 40% OMW. It is 
possible to observe, that there are a negative relationship with protein by cell variation, 
at the end of biotratment, and initial polyphenols content in the medium (Table 3.12). 
Comparing with results obtained with agitation (set A) the aeration of cultures leads to 
higher values of PrI/ PrL.  
 
Table 3. 12 - Protein content per cell (pg/cell) and Protein Increase Index/Protein Loss Index (% PrI / PrL) for set B (with 
aeration and photoperiod). n=4, M±SD 
OMW dilution 
Time (days) 
1 11 24 PrI/ PrL 
20%  0.00349±0.000 0.00240±0.000  -31% 
30%  0.00342±0.000 0.00269±0.000  -21% 
40%  0.0034±0.000  0.0027±0.001 -19 % 
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Once again, like set A (agitation and photoperiod), carotenoids increased with 
time of fermentation, however here their concentration was related negatively with 
phenolic compounds in the medium (Table 3.13 and Figure 3.8). A decrease in Total 
Chl per cell was also observed (Figure 3.8). 
 
 
Table 3. 13 - Pigments content (µg/mL) for set B (aeration and photoperiod). n=2, M±SD 
Parameter 
(µg/mL) 
 OMW dilution  
20% 30% 40% 
Chl a 
T1 0.20* a 0.15* 
T11 0.00±0.00 0.02±0.02  
 T24   0.02* 
Chl b 
T1 0.06* a 0.09* 
T11 0.11±0.04 0.11±0.01  
 T24   a 
Total Chl 
T1 0.44* 0.37* 0.41* 
T11 0.15±0.03 0.28±0.08  
 T24   0.05* 
Carotenoids 
T1 0.11* 0.02* 0.09* 
T11 0.26±0.02 0.21±0.04  
 T24   0.13±0.01 
 a= not measured; * n=1 
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Fig. 3. 8 - Pigments content (pg/cell) for set B (aeration and photoperiod). n=2; M ±SD 
 
 
3.2.3 Aeration and continuous light (set C)  
 
 
Based on previous results, cultures of set C have been started with higher 
inoculum concentration, 26 ± 0.5 × 10-6 cells mL-1, for both OMW dilutions (20% and 
40%). It was observed a cell increased during fermentation with an exponential phase 
(Figure 3.9 and Table 3.14). As a result, cultures with OMW 20% were followed during 
18 days and cultures with OMW 40% followed during 12 days. After biotreatment, 
cellular density is quite the same for both types of dilutions, reaching a mean of 48 × 
10-6 cells ml-1, with an exception of A duplicate from OMW 20% (Table 3.14). 
 
 
 
Fig. 3. 9 - Growth of C. vulgaris in batch cultures of set c (aeration and continuous light), (data are expressed as a mean 
of duplicates). 
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At 40% OMW dilution, cultures showed a short exponential growth phase, with 
slight higher specific growth rates (μ), comparing cultures with 20% dilution. However, 
a growth index of 127% (duplicate A) and 80% (duplicate B) was achieved in cultures 
with 20% OMW dilution, whereas for cultures at 40% OMW a mean growth index of 
79% was achieved (Table 3.14). 
 
Table 3. 14 - Biological parameters obtained in C. vulgaris batch cultures (A and B = duplicates assays) of set C 
(aeration and continuous light). 
Parameters 
20% OMW 
40% OMW1 
A B 
Total days 18 12 
Exponential days 14 9 
Ni (xE
6/mL) 27 26 
Nf (xE
6/mL) 61 49 47±0.7 
Specific Growth Rate (μ day -1)  0.059 0.042 0.064 
Growth Index (GI) 127 % 80 % 79 % 
1
= data are expressed as a mean of duplicates;  Ni = inoculum concentration; Nt = final cells concentration 
 
Cultures at OMW 20% and 40% have been started with pH 7.15 and 6.5, 
respectively and after biotreatment pH increased at 7.8±0.1, for both. 
Comparing with set B, aeration and photoperiod, the growth of C. vulgaris under 
aeration and continuous light (this set) showed a best performance, suggesting that 
continuous light exposition could be a parameter of positive effect. Several experiments 
have been show that some Chlorophyceae when exposed to 24h of light increased the 
final biomass production, than photoperiod regime, under moderate light intensity 
(Rocha et al., 2003). However, we must considerer also inoculums concentration, since 
here we used a higher one and so that can contribute to increase biomass yield. 
 
 
3.2.3.1 Total Phenols 
 
Generally, in both types of biotreatments (OMW 20% and 40%) total polyphenols 
content were decrease. However, cultures with OMW 20% were started with 
polyphenols content of 13.92 mg/mL and achieving a final concentration of 11.13 
mg/mL ± 2.64, whereas 40% cultures were started with a content of 22.12 mg/mL, 
reaching a final concentration of 19.41 mg/mL ±0.43 (Table 3.15 and Table 3.16).  
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Table 3. 15 - Total polyphenols content along time (mg/mL and ng/cell) for OMW 20% dilution of set C (aeration and 
continuous light). n=2; M±SD 
Parameter 
Time (days) 
1 4 11 18 
Polyphenols 
(mg/mL) 
 13.92* 10.37±0.32 10.87±2.40 11.13±2.64 
Polyphenols 
(ng/cell) 
 0.515* 0.335±0.02 0.273±0.05 0.201±0.02 
Phenolic Loss 
Index 
(PLI μg/cell) 
A    +59% 
B    +63% 
*n=1 
 
The decrease in total polyphenols content was also expressed taking into 
account the cellular density. It is possible to observed a slightly decreased with time for 
20% cultures. On contrary, for 40% cultures, it appears that polyphenols content 
remains constant after a decline observed on 6th days of biotreatment (Figure 3.10).  
 
Table 3. 16 - Total polyphenols content along time (mg/mL and ng
 
/ cell) for OMW 40% dilution of set C (aeration and 
continuous light). n=2; M±SD 
Parameter 
 Time (days)  
1 6 10 
Polyphenols 
(mg/mL) 
 22.12* 16.26±0.94 19.41±0.43 
Polyphenols 
(ng/cell) 
 0.850* 0.433±0.00 0.420±0.04 
Phenolic Loss 
Index 
(PLI μg/cell)  
A  49% +48% 
B  49% +54% 
*n=1 
 
 
Fig. 3. 10 - Total polyphenols (ng/cell) variation along time for 20 % and 40% of set C (aeration and continuous light). 
n=2; M±SD 
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Removal efficiency also showed that maximum PLI was achieved by microalgae 
treatments at 20% dilution, with a mean value of 61% ± 3.02, after 18 days (Table 
3.15). Comparing, PLI values obtained at 40% dilution shows a decrease until the 6 
day, with a value of 49% (Table 3.16). As no other sources were added to batch 
cultures and both, growth increase and phenols decrease were observed, these 
suggests that C. vulgaris can used the present phenolic compounds as carbon source. 
In fact the biodegradation ability of phenols by microalgae was been proved. 
Comparing our results with similar work by Pinto et al. (2002), where the ability of 
removing select phenolic compounds were tested by microalgae, there are different 
yields. Under continuous light, these authors tested Ankistrodesmus braunii and 
Scenedesmus quadricauda, two Chlorophyceae phenols resistant strains, and both can 
degraded the select phenols (each tested at 400 mg.mL-1) within 5 days, with a 
removal greater than 70%.  
 
 
3.2.3.2 Proteins and Pigments 
 
 
In both types of biotreatments (20% and 40%) total protein content was increase. 
For 20% treatment protein content started with 54.8 ng.mL-1 ±0.002 and increased to 
137.3ng.mL-1 ±0.011. In turns, for 40% treatment protein content started with 
83.0ng.mL-1±0.003 and increased to 111.3 ng.mL-1 ±0.013 (Table 3.17 and Table 3.18). 
Since total protein content could be an indicator of algal biomass increase, these 
results are in accordance with those previously reported.  
 
Table 3. 17 - Total protein content along time (ng/mL and pg/cell, n=4 ) at 20% OMW dilution for set C ( aeration and 
continuous light). n=4; M±SD; A and B= assays duplicates 
Parameter 
Time (days) 
1 4 11 18 
Proteins 
(ng/mL) 
 54.8±1.5 86.0± 4.2 122.7± 25.7 137.3±11.3 
Proteins 
(pg/cell) 
 0.0020±0.000 0.0028±0.000 0.0031±0.001 0.0025±0.000 
Protein  
Increase Index 
(PrI % )  
A    + 17% 
B    + 31% 
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However, taking into account the protein content per cell, it is possible to observe 
a general increase at 20% treatment, whereas at 40% it was observed a decline, 
resulting in PrI mean of 24% and PrL mean 25%, respectively (Table 3.17 and Table 
3.18), suggesting in this way enzymatic variation. These results are in accordance with 
previously obtained from others sets, in which proteins/enzyme can increase under low 
phenolics content (high dilutions) and are probably used for phenolic degradation. In 
turns, under high phenolics content the toxicity could affect protein/enzymatic synthesis 
and/or their turnover, resulting in protein decrease. In accordance, Phenolic Loss Index 
(PLI) is higher in high dilutions biotreatments than low dilutions. 
 
Table 3. 18 - Total protein content along time (ng/mL and pg/cell, n=4) at  40% OMW dilution for set C (aeration and 
continuous light ). n=4; M±SD; A and B= assays duplicates 
Parameter 
Time (days) 
1 6 10 
Proteins 
(ng/mL) 
 83.0±2.5 104.0±14.0 111.3±12.8 
Proteins 
(pg/cell) 
 0.0032±0.000 0.0028±0.000 0.0024±0.000 
Protein Loss 
Index 
(PrL %) 
A   - 20% 
B   -29% 
 
As results shows, for both dilutions, total chlorophyll decreased and generally, 
carotenoids increases (Table 3.19). However considering the pigments per cell, 
generally chlorophyll and carotenoids (pg/cell) decreases (Figure 3.11). This fact 
provides information of toxicity effect of phenolic compounds on photosynthesis, which 
indirectly could also affect the general metabolism (Stom and Roth, 1981; Megharaj et. 
al., 1992). 
 
Table 3. 19 – Pigments content (µg/mL) for set C (aeration and continuous light). n=2, M±SD. 
OMW 
dilution 
Time 
(days) 
Parameters 
Chl a Chl b Total Chl Carotenoids MI 
20% 
1 3.71* 1.13* 7.88* 1.83* 2.45* 
4 2.68±0.03 0.72±0.03 5.75±0.05 0.86±0.39 2.06±0.4 
11 2.45±0.84 0.67±0.29 5.44±1.85 1.11±0.27 2.57±0.8 
18 2.00±0.49 0.59±0.17 4.26±0.08 1.62±0.84 3.45±1.5 
40% 
1 2.65* 0.84* 5.66* 1.70* 2.92* 
6 1.89±0.06 0.71±0.10 4.04±0.18 1.84±0.06 3.72±0.01 
10 1.63±0.33 0.71±0.12 3.51±0.78 2.09±0.03 4.55±0.56 
* n=1 
FCUP 
Olive mill wastewaters treatment: evaluation of microalgae applicability 
44 
 
 
 
 
Fig. 3. 11 – Pigments content (pg/cell) for set C (aeration and continuous light). n=2; M ±SD 
 
 
Second Cycle 
 
To test the ability of cells resulted from first cycle (assays above described) to 
degrade phenols compounds, new assays were performed in same conditions 
(aeration and continuous light; 20% and 40% OMW dilutions) using the respective final 
biomass.  
Cultures at 20% OMW dilution have been started with a concentration of 11.5 × 
10-6 cells mL-1 and after 12 days of biotreatment, cellular density was 16-17 × 10-6 cells 
mL-1.. Cultures with 40% OMW have been started with 16 × 10-6 cells mL-1 and after 16 
days of biotreatment, cellular density was approximately 20 × 10-6 cells mL-1. Generally, 
the biomass increase, however do not achieving a true exponential growth phase 
(Table 3.20 and Figure 3.12). 
 
 
Fig. 3. 12 - Growth of C. vulgaris in batch cultures for 2nd cycle in 20% and 40% of diluted OMW with aeration and 
continuous light (data are expressed as a mean of duplicates). 
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These results were not unexpected since this biomass in the first cycle showed 
already some effects on metabolic functions, visualized by the proteins and pigments 
variation. However, a mean Growth Index of 41% and 24% was achieved in cultures 
with 20% and 40% OMW dilutions, respectively (Table 3.20). As previous results, here 
final pH was also increase to 8.1 ±0.1. 
 
Table 3. 20 - Biological parameters obtained in C. vulgaris batch cultures for 2nd cycle of  set C (aeration and continuous 
light ). 
Parameters 20% OMW 40% OMW 
Total days 12 16 
Ni (xE
6/mL) 11.5 16 
Nf (xE
6/mL)* 16.23±0.9 19.88±0.25 
Growth Index (GI)* 41%±8.4 24%±1.41 
(Ni=inoculum concentration; Nf=final cells concentration) ; 
*
Data are expressed as mean of duplicates ±SD 
 
 
Total Phenols 
 
Biotreatment at 20% OMW dilution have been started with polyphenols content of 
14.01mg/mL and after fermentation decreased to 9.98mg/mL±0.08. Instead, for 40% 
OMW the polyphenols do not changed, since it was started with 19.04mg/mL and at 
final of fermentation it was measured a value of 18.89 mg/mL ±0.25. Therefore, PLI 
was only calculated for cultures at 20% OMW, achieving a mean value of 51%±2.52. 
Results also showed that the decrease of polyphenols content per cell occurs until 6 
day of biotreatment (Figure 3.13). 
 
 
Fig. 3. 13 - Total polyphenols (ng/cell) variation along time for 20% 2nd cycle for set C (aeration and continuous light). 
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These results showed that the use of algal biomass in a 2nd cycle was not 
efficient, particularly for 40% OMW. The assessment of pigments and proteins can 
provide information of the physiological state of cultures and, as already mentioned, 
polyphenols have affected the photosynthesis and the general cells metabolism, during 
the 1st cycle. Although bioremediation process in 1st cycle can act as a long “pre-
adaptation” period, in fact the biomass does not show high GI. Also, the PLI observed 
for 20% OMW during the first 6th day of fermentation, suggests that other factors than 
C. vulgaris, could be involved in phenolic decreased, as previously mentioned. 
According to these results, generally protein content at 20% OMW remains constant, 
whereas at 40% OMW decreased (Figure.3.14). 
 
 
 
Fig. 3. 14 - Total protein (pg/cell) variation with time at 20 % and 40% 2
nd
 cycle for Set C (aeration and continuous light) 
n=4; M±SD. 
 
 
Table 3.21 shows the Phenolic Loss Index (PLI) values for all sets of 
experiments. Generally, there are a tendency for a negative relationship between PLI 
values and initial phenolic concentration in the medium, suggesting an increasing toxic 
effect and consequently a gradual loss of C. vulgaris degradation ability. Also, 
comparing the way for cultures homogenization in set A, with set B, generally cultures 
with aeration shows a tendency for high PLI. Finally, cultures under continuous light 
apparently have lower degradation ability than cultures under photoperiod, when 
exposed to 40% OMW dilutions. Most of the literature refer that the toxicity of OMW is 
due to their content in phenolic compounds and free fatty acids (Sayadi et al., 2000; 
Sassi et al., 2006). Green algae are sensitive to phenolics, which toxicity is related with 
the number and polarity of substituents on the aromatic ring (Della Greca et al, 1992).  
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Megharaj et al (1992), with cultures under constant agitation, was tested 
phototrophic, photoheterotrophic and heterotrophic growth conditions and shows that in 
all tested phenolics concentrations, C. vulgaris growth was affected, concluding that C. 
vulgaris was sensitive to the pollutants when the cultures grown under phototrophic or 
heterotrophic conditions, however, the toxicity was reversed or alleviated upon 
photoheterotrophic growth. In fact, the C. vulgaris growth observed in this work can 
occurs also using other substrates than phenolic compounds, since OMW presents 
sugars, among others (Amaral et al., 2008; McNamara et al., 2008). Also, other factors 
than C. vulgaris, could be involved in phenolic decreased, such as aeration, as 
previously reported by Komilis et al (2005.)  
 
Table 3. 21 – Phenolics Loss Index (PLI %) for each set of experiments. 
Conditions 
OMW dilutions 
(%) 
Fermentation 
(days) 
PLI (%) 
Set A 
Agitation and 
photoperiod 
20 
11 
55±6.42 
30 52±0.13 
40 43±3.41 
Set B 
Aeration and 
photoperiod 
20 
11 
66±2.68 
30 62±2.36 
40 24 59±2.49 
Set C 
Aeration and 
continuous light 
20 18 61±3.02 
40 6 49±0.00 
 
 
A variety of others biological treatments have showed a reduction on OMW 
phenolic content. Ramos-Cormenzana et al. (1996) reported a 50% reduction in the 
phenolic content by Bacillus pumilus and Piperidou et al (2000) has been shown an 
effective reduction in phytotoxicity of OMW (> 90%) by Azotobacter vinelandii. Studies 
using Azotobacter chroococcum (Borja et al., 1995) has show considerably reduction in 
the COD and total phenolic compound concentration. Together, Ralstonia sp. and 
Pseudomonas putida were able to degrade several phenolic compounds found in 
OMW (Di Gioia et al., 2001a, b). McNamara et al. (2008) reported the use of aerobic 
bacterial consortia for bioremediation of OMW with quite successful, achieving 
significant reductions in COD and complete removal of some simple phenolics. Fungi 
also appear quite effective in removal phenolic compounds, achieving >90% removal, 
such as Geotrichum candidum (Assas et al., 2000), Bjerkandera paranensis (Duarte et  
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al., 2010),Pleurotus eryngii , P. floridae (Sanjust et al., 1991) and P. ostreatus (Sanjust 
et al., 1991; Tomati et al., 1991;Fountoulakis et al., 2002), Pleurotus sp shows 76% 
removal in total phenolics (Tsioulpas et al., 2002). Other studies with fungi have been 
tested with some success (Aggelis et al., 2003; Dias et al., 2004; Dhouib et al., 2006). 
However, when used in sewage treatment plant, due to the production of hyphae can 
raise problems of foaming (Assas et al., 2000). Yeasts have shown the ability to use 
phenolic compounds as sole carbon and energy at high concentrations (Ettayebi et al., 
2003; Giannoutsou et al., 2004; Amaral et al., 2005; Peixoto et al., 2008; Marinho, 
2009). Garcia-Garcia et al (2000) compared the effectiveness in remove phenols and 
organic contents of two white rot fungi (Phanerochaete chrysosporium and G. 
candidum) with two species of Aspergillus(A. niger and A. terreus) and conclude that 
no phenols removal was observed for G. Candidum and for the others organisms, the 
relative order of remove phenols indicates the sequence of microrganisms selectivity. 
Fadil et al. (2003) evaluate the effect of different types of fungi, Geotrichum sp., 
Aspergillus sp. and Candida tropicalis on reducing the organic and phenolic contents 
from OMW and showed that maximum removal of polyphenols was 52%. Others 
biological processes have been showed a greatly variation on reduction of OMW 
phenolic compounds ( Aggelis, et al., 2003; Ettayebi, et al., 2003; Chtourou, et al., 
2004; Matos, et al., 2007). 
Based on our results, algae could represent an alternative to others biological 
treatments used for biodegradation of OMW phenolics compounds.  
 
 
3.3 Phytotoxicity assessment  
 
Phytotoxicity of OMW is a complex property because different compounds can be 
responsible for it. Paixão et al (1999) emphasize the difficulties in determining which of 
chemical parameters of OMW was the most significant in causing toxicity. Therefore, 
the use of ecotoxicity assays has been recommended for environmental evaluations, 
since they can provide responses of the complex contaminants mixtures. Among them, 
phytotoxicity assessment using germination tests have been largely used to evaluated 
the success  in reducing the toxicity of OMW (Tsioulpas et al., 2002; Aggelis et 
al.,2003; Casa et al., 2003; Komilis et al., 2005; Sassi et al., 2006, 2008).  
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The effect of biotreatment with C. vulgaris in decreasing the toxicity of OMW was 
performed with lettuce (Lactuca sativa) in germination assays. Evaluation from set A 
was performed exceptionally using 5 days of incubation and results were presented in 
Table 3.22. 
 
 
Table 3. 22 - Parameters of phytotoxicity assessment for set A (agitation and photoperiod) after 5 days of incubation. (A 
and B = assays duplicates). n=24 
Parameter 
Control (+) 
(distilled 
water) 
20% OMW dilution 40% OMW dilution 
Untreated 
Control (-) 
Biorremediation 
culture A 
Untreated 
Control (-) 
Biorremediation 
culture A 
GS1 (%) 88 84 88 38 92 
GS5 (%) 100 96 100 52 100 
RE5 (mm) 10.80±4.43 
a
 5.92±1.56
b
 17.72±1.56
c
 4.31±1.89
b
 15.52±3.52
c
 
GI (%)  53 164 21 144 
(GSn=percentage of germinated seeds at n day of incubation; RE5= root elongation (M±SD) after incubation; GI= 
Germination Index). Different letters within same line correspond to significantly different mean. 
 
 
After 5 days of incubation for bioremediation of OMW, 20% and 40% dilutions, all 
seeds were germinated, showing highest percentage of germinated seeds than 
untreated OMW. OMW contains high levels of phytotoxic inhibitory compounds, mainly 
due to the presence of high polyphenolic content (Aliotta et al., 2002; Tsioulpas et al., 
2002; Casa et al., 2003; Niaounakis and Halvadakis, 2006; McNamara et al, 2008) 
which inhibits seeds germination of different plant species (Komilis et al., 2005; 
Niaounakis and Halvadakis, 2006; Amaral et al., 2008; McNamara et al, 2008). 
Differences in mean root elongations were also observed when comparing treated with 
untreated OMW dilutions, with major root elongation in biotreatments. On the other 
hand, without biotreatments root growth was inhibited. Therefore, our results suggest 
the positive effects of C. vulgaris on OMW toxicity decrease. 
There are also differences in Germination Index (GI) between dilutions, i. e. 
bioremediation at 20% OMW dilution showed highest value than at 40% OMW dilution, 
in line with previous values of Phenolics Loss Index (PLI) obtained in this set. 
According Komilis et al (2005), the phytotoxicity magnitude can be indirectly 
determined when GI is considered, since phytotoxicity decreases as the Germination  
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Index increases, i.e., they are inversely proportional. As expected, lower value of this 
index was observed at 40% OMW dilutions without treatment (Table 3.22).  
 
Komilis et al (2005) tested several factors, as dilution, aeration and pH, as mean 
of treatments of OMW, and tested their final result in seeds germination, using tomato 
(Lycopersicum esculentum) and chicory (Cichorium intybus). Results showed that the 
most statistically significant technique affecting OMW phytotoxicity is dilution. In a 
screening to assess the possibility of using untreated OMW as a source of irrigation 
water for crops, Sassi et al. (2006) tested various OMW dilutions from three different 
types of olive oil mills and verifying either, that the germination of barley only was 
possible when OMW was diluted in 16 parts of clean water. Marinho (2009) referred 
that dilution, together with a bioremediation by yeasts, also contributed to reduce the 
toxicity of this effluent. Similar results were obtained by Tsioulpas et al (2002), Aggelis 
et al (2003) with Pleurotus ostreatus in germination cress seeds and Casa et al (2003) 
with Lentinus edodes in wheat germination seeds. Therefore, it is not surprising that for 
high OMW dilution (20%) the biotreatment with algae leads to higher toxicity decrease. 
However this is not only due to dilution factor, since biotreatment with microalgae 
reduce the negative effects of OMW increasing the GI, when treatments were 
compared with untreated ones (control -). 
Results from phytotoxicity evaluation from set C were presented in Table 3.23. 
For this set only biotreatments at OMW 20% dilutions were tested. Highest percentage 
of germinated seeds was observed only for culture A (duplicate A) comparing with 
untreated OMW. This result certainly is related with values of PLI observed in 
duplicates from this set. As before, differences in mean root elongations were observed 
between treated and untreated OMW dilutions, with higher root elongation for 
biotreatments, however for untreated ones (control -) root growth was not inhibited 
(arising probably from extent incubation days, comparing with phytotoxicity assessment 
from set A). Also, comparing treatments with microalgae with untreated one (control -) 
biotreatment can reduce the negative effects of OMW increasing the GI, suggesting 
once again the positive effect of microalgae in reducing phytotoxicity.  
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Table 3. 23 - Parameters of phytotoxicity assessment for Set C (aeration and continuous light) after 7 days of incubation 
(A and B = assays duplicates). n=24 
Parameters 
Control (+) 
(distilled water) 
20% OMW dilution 
Untreated 
Control (-) 
Bioremediation 
culture A culture B 
GS (%) 96 62 63 71 
RE (mm) 25.52±3.9
a
 26.73±4.5
a
 34.07±5.7
b
 32.53±6.0
b
 
GI (%)  68 87 94 
Data are expressed as mean of triplicates for each treatment ± standard deviation; GS=percentage of germinated 
seeds; RE= root elongation; GI= Germination Index 
 
Assuming that OMW toxicity is mainly due to phenolic compounds (as suggested 
by literature), a new parameter, Phenol-toxicity Index (Ph.I.) was also calculated (Tab 
3.24). Although we do not found correlations between phenolic content and Ph.I, 
results showed that the Ph.I. values were lower compared with respective untreated 
OMW, suggesting a toxicity decrease. OMW toxicity is mainly attributed to its phenolic 
composition, and the absence of significant correlations could be due to different time 
of incubation between sets, i. e. negative values of Ph.I. results from the higher GI 
values observed in bioremediation cultures (Table 3.22). In fact, values of GI can be 
influenced by both, roots length and number of germinated seeds and the inhibition due 
to phenolic compounds most likely exerts major effects during first days of incubation. 
As a result GI for untreated OMW (negative control) showed a very low values. 
Tsioulpas et al (2002) using fungi to treat OMW revealed that decrease in toxicity 
was not proportional to the removal of phenolic compounds. Aggelis et al. (2003) in 
detoxification process with fungi belonging to several genera, not found a causal 
relationship between reduced toxicity and removal phenolic compounds of low 
molecular weight. Also similar results were observed by Sayadi et al (2000) after fungi 
treatment. 
 
Table 3. 24 - Phenol-toxicity Index (Ph.I ) for set  A and set C (A and B = assays duplicates).  
Conditions 
 Phenol-toxicity Index (Ph.I.) 
Dilution Without treatment 
(control -) 
     Biorremediation 
Set A 
(agitation and 
photoperiod) 
20% A 3.44 -9.6 
40% A 3.52 -3.14 
Set C 
(aeration and 
continuous light) 
20% A 
2.44 
1 
20% B 0.65 
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Several investigations proved the removal of phenols by certain microorganism 
but what happens with each compound depends of kind of microorganism used to 
performing the essay. The microalgae C. vulgaris could be able to metabolize certain 
compounds, with a greater or lesser extent and even vary the action on each one since 
there are compounds more degradable than others. Possibly, the transformation of the 
starting phenols compounds in intermediate ones occurs and the microalgae are able 
to degrade low molecular weight phenols and have difficulty in degrading others,  
especially high molecular weight phenols, usually less toxic. In fact, OMW phytotoxic 
activity has often been attributed to the presence of monomeric phenols (Cormenzana-
Ramos et al., 1996; Sayadi et al., 2000; Casa et al., 2003) referenced as 
biodegradable (Assas et al., 2000). Moreover phenols of high molecular weight are 
indicated as responsible for dark brown color, particularly recalcitrant to discoloration 
(D'Annibale et al. 2004), however related with low toxicity (Assas et al., 2000). The 
OMW have a wide variety of phenolic compounds and according literature, 
hydroxytyrosol (3,4-dihydroxyphenylethanol) and tyrosol (4-Hydroxyphenylethanol) are 
the ones referred as the most abundants (Casa et al., 2003), but besides these, there 
are other simple phenols or monomeric phenolic compounds such as p-coumaric, 
syringic, vanillic, veratric, caffeic, dihydroxybenzoic or ferulic acid, catechol among 
others (Ramos-Cormenzana et al, 1996 ; Casa et al, 2003). However, not all OMW 
present simultaneously all the compounds indicated, since the amount depends, 
among other, on the variety of olives and olive extraction process used, affecting in this 
way their phytotoxicity.  
Also, the toxic effect in treated OMW could not disappear. Polyphenols are 
pointed out as the main responsible for OMW phytotoxicity, but other substances in 
their composition may have also some toxic characteristics (Aliotta et al. 2002). 
Besides phenolic compounds, other small molecules such as volatile organic acids, 
alcohols, aldehydes, (Tomati et al., 1996) and low pH and high salt content, can 
contribute to phytotoxicity (Paredes et al., 1999). Other factors can potentially affect 
OMW phytotoxicity, such as the type of olive mill extraction process and the spatial 
origin of the olives (Komilis et al., 2005).  
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CHAPTER IV – FINAL REMARKS 
__________________________________________ 
 
The choice of a treatment system is determined by the quantitative and 
qualitative characteristics of wastewater, the location system and objectives to be 
achieved. It is essential to understand the importance and effects of each parameter 
during the process, such as pH, light, presence of contaminants, aeration, temperature 
and quality and quantity of inoculum used. Our results suggest a limitation of C. 
vulgaris growth by the presence of toxic substances, probably phenolics, limiting the 
yield of phenolic removal in low OMW dilutions biotreatments. Also, this yield is 
depending on inoculum concentration, as expected. Although other causes could be 
involved in phenolics degradation, our results suggest the positive effects of C. vulgaris 
on OMW toxicity decrease. Also must be point out, that pH increases during the 
biotreatment.  
The importance of C. vulgaris or other Chlorophyceae in wastewaters treatments 
is well documented in literature, as well as a variety of bacteria and fungi in OMW 
treatments. However, there are a few studies concerning the OMW treatment with 
microalgae. So this work is a contribution to a new approach for the development of 
biological treatment systems of these effluents and provides indications for possible 
future applications of microalgae, although more detailed studies are still needed. 
Future research should focus on process optimization. Most problematic 
physicochemical aspects of OMW should be assessed, since their composition 
depends of region, type of process, daily conditions and operational procedures. Also, 
in this work, bioremediation potential of same algal biomass to perform two sequential 
treatments was tested, but the yield obtained with two different algal treatments for the 
same OMW treatment should also be evaluated. Larger volume bioassays should be 
performed in laboratory with photobioreactors using previously selected conditions and 
testing and selecting more resistant microalgae species, which would ensure the 
highest rates of biomass production with higher yields of toxic compounds removing.  It 
would be also important to study the possibility of cell immobilization and their 
combination in mixed cultures, with bacteria and/or fungi consortium systems. 
Furthermore, decolourization should be also evaluated during the treatments. A 
successful conclusion of this research will results in process optimization of 
bioremediation, by choosing the best parameters and guidelines for proper treatments 
to minimize the toxicity of this effluent.  
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